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FOREWORD 


This  report  represents  the  results  of  an  in-house  design  effort  by  personnel  of  the  Techniques  Branch  of  the  Sur¬ 
veillance  and  Control  Division.  This  effort  was  devoted  to  the  design  of  a  very  high  resolution  sensor  using  the  best 
available  techniques  and  a  study  of  the  feasibility  of  converting  available  equipment  into  a  test  vehicle  utilizing 
these  techniques. 
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ABSTRACT 

This  report  describes  the  preliminary  design  effort  for  a  very  wideband  high  power  tracking  radar.  Consideration 
has  been  given  to  dispersion  effects  of  radar  components,  phase  and  amplitude  tolerances  required  to  meet  specified 
range  sidelobe  levels,  availability  of  components,  etc.  An  approach  for  modifying  an  existing  radar  is  also  presented. 
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Floyd  Test  Annex 


SECTION  I 
OBJECTIVES 


The  objective  of  this  program  is  to  construct  a  very  wide  band  radar  to  act  as  an  experimental  test  instrument  to 
do  research  in  satellite  object  identification  techniques.  In  addition  to  this,  the  radar  will  also  be  used  to  develop 
and  test  wide  band  radar  calibration  techniques,  wide  band  performance  measurement  techniques,  wide  band  signal 
processing  concepts  and  as  a  test  bed  to  test  and  evaluate  wide  band  radar  components.  A  number  of  these  wide  band 
concepts  are  under  development  as  part  of  the  exploratory  research  program  under  Project  4506.  The  radar  is  being 
designed  such  that  future  extension  to  a  base  line  configuration  will  be  possible  with  no  major  redesign. 
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SECTION  II 
INTRODUCTION 


For  a  number  of  years,  research  requirement  has  existed  for  a  very  high  range  resolution  sensor  of  sufficient 
sensitivity  to  perform  explor  atory  research  in  a  number  of  problem  areas  in  object  identification.  Extensive  labora¬ 
tory  research  and  development  has  already  been  successfully  accomplished  in  the  areas  of  very  wide  band  pulse  com¬ 
pression  signal  generation  and  processing  required  to  successfully  implement  such  a  facility.  Implementation  of 
these  techniques  into  a  practical  system  gives  rise  to  a  number  of  additional  problems  which  must  be  resolved.  De¬ 
veloping  the  specific  waveform  generators  and  signal  processing  technique  to  achieve  specified  sidelobe  levels  is 
therefore  only  part  of  the  problem.  In  practice,  the  dispersion  effects  of  all  the  components  in  the  radar  system 
exert  an  effect  upon  the  overall  performance.  This  becomes  a  particularly  difficult  design  problem  in  a  very  wide 
band  radar  where  stringent  phase  and  amplitude  linearity  requirements  must  be  met.  In  order  to  adequately  ex¬ 
amine  the  practical  problem  involved,  it  is  necessary  to  construct  and  evaluate  an  experimental  model  of  ruch  a 
radar.  This  report  describes  the  approach  taken  in  the  design  of  such  a  radar  which  makes  maximum  use  of  available 
components  and  facilities  and  represents  the  best  trade-off  in  cost  and  performance. 

During  the  course  of  this  study,  a  number  of  problem  areas  concerning  the  design  and  implementation  of  a  very 
wide  band  radar  were  uncovered  and  are  described  herein.  Further  study  of  th:se  problem  areas  will  be  accomplished 
during  the  development  phase  of  the  equipment. 
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SECTION  III 
APPROACH 


A.  GENERAL 

As  a  result  of  the  preliminary  design  study,  it  became  evident  that  if  excessive  losses  and  dispersive  effects  were 
to  be  avoided,  all  of  the  wide  band  transmitting  and  receiving  components  must  be  located  as  ciose  as  possible  to 
the  feed  structure  avoiding  the  use  of  rotary  joints.  This  approach  permits  the  use  of  minimal  length  waveguide  runs 
to  minimize  dispersion  and  loss  effects  and  the  elimination  of  potentially  serious  “wow”  and  dispersion  which  a 
rotary  joint  would  almost  certainly  generate.  Furthermore,  bandwidth  reduction  should  be  accomplished  as  early 
as  possible  in  the  receiver  chain  in  order  to  minimize  dispersion  and/or  phase  shift  effects  which  would  most  likely 
be  encountered  if  transmission  of  the  wide  band  signal  over  extended  distances  were  required.  Although  many  pulse 
compression  techniques  could  meet  this  requirement,  certain  techniques  were  more  desirable  than  others  because 
a  minimum  of  pedestal  mounted  equipment  would  be  required,  avoiding  weight,  inertia,  maintenance  and  overhaul 
difficulties.  Signal  processing  and  data  handling  equipment  would  require  extremely  delicate  adjustment,  careful 
monitoring  and  other  attention,  and  thus  should  be  located  in  the  main  building  free  from  vibration  under  tempera¬ 
ture  and  humidity  control  and  should  allow  free  access  to  those  operating  and  maintaining  it.  This  will  normally 
require  fairly  long  reduced  bandwidth  cable  runs  between  the  wide  band  receiver  components  mounted  on  the 
moving  portions  of  the  antenna  and  these  equipments.  Here  again,  dispersion  and  phase  shift  effects  must  be 
avoided,  although  the  problem  is  far  less  serious  at  the  reduced  bandwidth.  A  cable  wrap  appears  to  be  the  most 
logical  means  of  interfacing  the  moving  platform  with  the  fixed  pedestal  in  order  to  avoid  the  potentially  serious 
dispersion  and  phase  shift  effects  inherent  in  most  rotary  joints,  and  the  cross  talk  and  limited  bandwidth  inherent 
in  slip  rings. 

In  searching  for  a  suitable  location  for  the  proposed  sensor,  existing  RADC  Test  Sites  (among  them  the  Passive 
Satellite  Research  Terminal,  (PRST)  located  at  Floyd,  N.Y.)  were  examined.  The  site  should  be  convenient  for 
daily  travel  by  personnel,  should  have  most  of  the  necessary  support  facilities  already  available  (power,  water, 
buildings,  etc.)  and  should  have  an  acceptable  field  of  view  ror  objects  of  interest.  The  PRST  fulfilled  these  require¬ 
ments  and,  in  addition,  due  to  termination  of  project  activity,  a  complete  sensor  was  available.  The  design  effort  was 
then  concentrated  on  the  possibility  of  modifying  this  facility. 

Apart  frdm  the  practical  considerations  of  choosing  sites  and  apparatus  capable  of  being  modified  the  overriding 
system  design  considerations  were  tied  to  more  elegant  requirements.  These  included  obtaining  adequate  transmitter 
power  and  bandwidth  at  a  carrier  frequency  of  3350  MHz,  and  configuring  a  waveform  generator  and  signal  pro¬ 
cessor  to  perform  the  desired  measurements  with  adequate  fidelity,  with  a  further  bandwidth  reduction  to  allow 
realizable  A/D  conversion  and  recording. 

The  center  frequency  of  3350  MHz  has  been  assigned  as  the  operating  frequency  for  the  system.  The  choice  of 
signal  bandwidth  and  transmitted  power  are  synonymous  with  selecting  a  tube  which  has  permissible  levels  of  phase 
and  amplitude  distortion,  while  providing  a  reasonable  average  power  and  instantaneous  bandwidth.  The  search  for 
a  tube  ultimately  narrowed  down  to  the  VA145  hybrid  traveling  wave  tube  which  had  an  advertised  average  power 
on  the  order  of  10  kw,  a  bandwidth  up  to  300  MHz  with  apparently  acceptable  levels  of  phase  and  amplitude  dis¬ 
tortion. 


A  pulse  repetition  frequency  of  70  pulses  per  second  was  chosen  to  be  consistent  with  maximum  average  power  capa¬ 
bilities  of  the  chosen  tube  at  its  maximum  reliable  pulse  length,  while  providing  an  acceptable  unambiguous  range.  The 
choice  of  pulse  repetition  frequency  was  based  upon  a  number  of  factors  including  unambiguous  range,  doppler  and 
average  power. 

Since  a  maximum  bandwidth  of  300  MHz  could  be  expected  from  the  VA145  tube  with  a  reliable  pulse  length  of  20 
microseconds,  the  decision  was  made  to  develop  an  interim  Phase  I  radar  using  this  tube  with  a  20  microsecond  pulse  width 
and  a  2S0  MHz  bandwidth. 

A  Phase  II  capability  of  500  MHz  bandwidth  and  a  40  microsecond  pulse  length  were  selected  as  the  parameters  for  the 
final  system,  since  a  500  MHz  bandwidth  results  in  a  nominal  range  resolution  of  one  foot.  The  40  microsecond  pulse  length 
results  in  a  20  kw  average  power  capability  at  the  same  prf.  The  system  detection  capability  was  calculated  for  a  0.1  square 
meter  target  which  was  considered  a  reasonable  estimate  of  the  size  reflector  which  might  be  encountered  with  range  resolu¬ 
tion  near  one  foot.  The  anticipated  performance  in  Phase  II  would  provide  a  13  db  S/N  for  a  0.1  square  meter  target  at  600 
n  miles.  This  range  performance  is  adequate  for  a  test  facility  radar  sensor.  In  order  to  minimize  weak  signal  degradation 
when  observing  complex  targets  it  is  desirable  to  keep  the  waveform  temporal  sidelobes  as  low  as  possible.  A  time  sidelobe 
specification  of  -35  db  was  selected  from  target  dynamic  range  considerations  and  expected  state-of-the-art  limitations  for 
a  system  with  a  time  bandwidth  product  of  20,000. 

Since  the  transmitter  provides  the  major  limitation  to  the  attainment  of  500  MHz  instantaneous  bandwidth,  the  feed 
horn  assembly,  RF  components,  receiver  front  ends  and  data  handling  equipment  were  configured  to  perform  at  the  full 
bandwidth  and  power,  thereby  eliminating  the  need  for  their  modification  when  the  system  is  upgraded  to  Phase  II  per¬ 
formance.  The  waveform  generator  and  signal  processor  require  relatively  minor  modification  to  make  the  transition  from 
Phase  I  to  Phase  II  operative.  The  Phase  II  modification  then  will  consist  primarily  of  replacing  the  output  tube  with  a  full 
bandwidth  higher  power  tube  with  an  attendant  modification  of  the  pulse  forming  network  and  a  minor  increase  in  the 
waveform  generator  and  signal  processor  capability.  The  change  to  the  signal  processor  is  not  in  any  way  as  complex  or  dif¬ 
ficult  as  the  increase  in  time-bandwidth  product  from  5000  to  20,000  might  indicate.  Figuie  1  is  a  tabulation  of  Phase  I 
parameters  used  in  subsequent  calculations. 


Pav  •  10  KW  BANDWIDTH:  250  MHz 

PRF:70PPS  X  *  O.  I  METER 

PULSE  WIDTH:  20 /I SEC  <r:  O.l  SQ.  METER 

Gt  :  +50 db  LOSSES:  -5db 

Gr  :  +  50db  NF  +6db 

BEAMWIDTH:  0.3  DEG.  FREQUENCY  3350  MHz 

POLARIZATION:  TRANSMIT:  VERTICAL 

RECEIVE:  VERTICAL  8  HORIZONTAL 

Figure  1 .  Phase  I  Radar  Parameters 
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B.  PRESENT  SYSTEM  DESCRIPTION,  FLOYD  TEST  ANNEX 


The  present  passive  satellite  research  terminal  is  located  at  the  Floyd  Test  Annex  approximately  seven  miles  from 
Griffiss  AFB.  It  was  originally  configured  as  a  large  ground-based  radio  facility  designed  primarily  to  demonstrate  point-to- 
point  communication  over  long  distances  via  reflections  from  satellites  such  as  Echo  1.  Hie  station  consists  of  a  60-foot 
steerable  paraboloidal  reflector.  The  accuracy  of  the  reflector  surface  is  such  that  full  aperture  efficiencies  will  be 
achieved  at  freque  '«es  as  high  as  10  GHz.  Tracking  accuracies  of  0.02  degrees  are  achieved  through  the  use  of  a 
precise  hydraulic  .  vo  and  drive  system.  The  system  also  contains  high  power  communication,  transmitters,  low 
noise  parametric  amplifiers,  frequency  synthesizers  and  an  orbital  programmer. 

In  addition  to  the  antenna  and  pedestal,  the  facility  includes  an  optical  tracker,  a  heat  exchanger  building;  an 
operations  building  containing  the  operating  console,  equipment  room  and  high  voltage  power  supply;  a  microwave 
relay  link;  a  mobile  service  tower,  an  emergency  power  generating  system  and  a  boresight  tower  located  approximately 
2.9  miles  from  the  antenna. 

C.  EXISTING  EQUIPMENT 

A  detailed  survey  was  conducted  to  determine  the  applicability  of  the  present  equipment  and  the  extent  of  the 
modifications  required  to  convert  the  system  to  a  high  resolution  tracking  radar.  The  present  facility  includes  the 
AN/FRC-40,  consisting  of  the  following  major  components: 

•  60-foot  Cassegrain  antenna 

•  Pedestal,  including  antenna  drive  and  servo  system 

•  Feed  Horn  -  dual  polarized  S-band  monopulse  feed  with  a  central  X-band  dual  polarized  feed 

•  Angle  track  computer 

•  Control  console 

•  S-  and  X-band  receive  systems 

•  Noise  figure  measurement  system 

•  S-band  transmitter 

•  20-kw  power  supply  and  heat  exchanger 

•  Frequency  synthesizer 

•  Time  code  generator  ASTRO  Data  6190-133 

•  Frequency  standard  HP-107BR 

•  Optical  tracker 

A  new  power  supply,  heat  exchanger  and  transmitter  are  presently  being  installed  to  implement  the  X-band  sys¬ 
tem.  This  power  supply  is  e  copy  of  the  supply  for  the  Haystack  radar  X-band  transmitter  and  is  capable  of  provid¬ 
ing  120  kv  at  15  amp  or  40  kv  at  60  amp. 

The  present  S-band  system  operates  in  the  1 700-2400  MHz  band  and  has  been  used  to  track  Echo  I  and  Echo  II 
to  tonduct  experiments  in  satellite  communications.  The  new  frequency  authorization  will  be  centered  at  33S0  MHz 
with  a  ±  2S0  MHz  bandwidth. 

Primary  considerations  affecting  the  feasibility  study  were  the  emphasis  on  maximum  utilization  of  existing  equip¬ 
ment  without  performance  compromise  and  accomplishing  a  major  portion  of  the  system  design  in-house.  The  site 
survey  performed  during  the  feasibility  study  resulted  in  a  wealth  of  data  which  is  summarized  in  the  following 
paragraphs. 


7 


Antenna.  The  Cassegrain  reflector  system  is  usable  without  modifications.  Due  to  the  change  in  frequency,  how¬ 
ever,  the  feed  horn  must  be  replaced.  An  in-house  study  was  initiated  to  examine  various  feed  horn  configurations 
and  to  develop  specifications  and  cost  data.  The  results  of  this  study  are  presented  later  in  this  report.  The  present 
antenna  beamwidth  of  0.5°  will  become  0.3°  with  the  conversion  to  a  higher  frequency.  Figure  2  is  a  view  of  the 
60-foot  diameter  antenna. 

Pedestal  and  Servo  System.  No  changes  to  this  portion  of  the  equipment  are  contemplated  until  a  study  is  com¬ 
pleted  on  the  actual  servo  performance.  The  servo  system  was  designed  to  have  an  average  velocity  rate  of  two  de¬ 
grees  per  second  and  an  acceleration  rate  of  one  degree  per  second  per  second.^  The  servo  system  analysis  is  presented 
later  in  this  report.  The  antenna  drive  is  composed  of  the  azimuth  bull  gear  and  the  elevation  sector  gear  and  hydrau¬ 
lic  motors.  The  antenna  may  be  driven  720  degrees  in  azimuth,  being  limited  by  cable  windup  c-  the  maypole,  and 
90  degrees  in  elevation.  Two  hydraulic  motors,  connected  to  eliminate  backlash,  are  used  for  each  drive.  The  servo 
system  is  designed  to  achieve  mean  tracking  accuracy  of  0.03  degrees  in  the  absence  of  wind.  An  electro-hydraulic 
servo  valve  is  used  to  control  the  hydraulic  drive  motors.  The  servo  will  accept  both  analog  and  digital  commands. 
Digital  shaft  encoders  are  mounted  on  the  antenna  to  provide  position  data  readouts  for  both  azimuth  and  eleva¬ 
tion  to  an  18  bit  accuracy.  Analog  error  sensors  permit  control  of  the  antenna  by  a  remote  optical  tracker  as  well  as 
an  analog  scan  generator  to  program  a  desired  scan  pattern. 

Angle  Track  Computer.  The  angle  track  computer  consists  of  the  following  equipment: 

•  Packard-Bell  FX-1  Flexowriter. 

•  Packard-Bell  PB-250  Digital  Computer. 

•  Packard-Bell  HSB-22  Buffer. 

•  Packard-Bell  MX-1  Memory. 

•  Packard-Bell  HSR1  High  Speed  Reader. 

•  Ampex  MTU-1  Tape  Handling  Unit. 

•  Ampex  FR-400  Tape  Recorder. 

Further  investigation  is  necessary  to  determine  whether  modifications  are  required.  Computer  programs  already 
exist  for  tracking  satellites  of  the  Echo  class. 3, 4  New  programs  have  been  written  to  track  lower  orbiting  satellites.^ 
The  present  digital  sampling  rate  may  be  inadequate  to  provide  the  overall  servo  bandwidth  required  to  adequately 
track  these  lower  orbiting  satellites.  Possible  redesign  may  be  required  as  determined  by  studies. 

The  PB-250  digital  computer,  in  conjunction  with  the  magnetic  tape  unit,  pro /ides  general  purpose  computing 
and  terminal  data  recording  functions.  The  magnetic  tape  unit  is  an  input/output  device  as  well  as  an  auxiliary 
memory  for  the  computer.  Since  the  computer  uses  a  serial  memory,  a  buffer  is  required  between  the  computer 
and  external  equipment.  This  buffer  is  a  22-bit  shift  register  and  performs  a  one-word  serial-to-parallel  conversion. 

A  high  speed  photo-reader  and  a  flexowriter  are  used  for  computer  control  and  data  printout.  Station  keeping  func¬ 
tions  such  as  antenna  position,  doppler  shift,  terminal  operating  conditions,  and  other  miscellaneous  functions  are 
also  recorded  by  the  digital  computer  in  blank  spaces  provided  on  the  magnetic  tape. 

During  target  acquisition,  the  program  presents  the  “most  probable”  satellite  ephemeris  to  the  antenna  servo 
channels.  The  scan  is  added  and  the  composite  signal  controls  the  antenna.  After  lock-on  has  been  accomplished,  the 
program  utilizes  actual  track  position  of  the  satellite  to  determine  a  set  of  interpolation  constants  for  use  in  pro¬ 
grammed  tracking. 
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In  programmed  tracking,  the  antenna  is  directed  by  the  program  which  interpolates  between  a  series  of  pre¬ 
computed  probable  orbits.  These  pre-computed  orbits  are  stored  on  magnetic  tape  and  correspond  to  variations  in 
expected  time-of-arrival  from  the  “on-time”  orbit.  Figure  3  is  a  view  of  the  PB-250  orbital  computer. 

Control  Console.  Minor  modification  to  the  control  console  will  be  required  to  add  remote  control  for  new  equip¬ 
ment  and  other  added  functions.  Figure  4  is  a  view  of  the  present  control  console. 

The  control  console  contains  data  readouts  and  manual  controls  for  operation  of  the  terminal.  The  control  con¬ 
sole  permits  the  operator  to  interpret  the  output  of  the  electronic  and  electro-mechanical  equipment  and  to  respond 
by  introducing  the  commands  required  to  accomplish  the  mission.  The  antenna  control  displays  the  azimuth  and 
elevation  position  of  the  antenna  by  a  pair  of  four-digit  decimal  readout  devices  and  also  indicates  the  degree  of 
maypole  cable  windup.  Manual  control  of  the  antenna  is  accomplished  at  this  control  console.  The  console  permits 
the  operator  to  control  the  modes  and  limits  of  automatic  sequences  between  acquisition  and  other  track  functions. 
The  transmitter  control  consists  of  status,  voltage,  power,  on-off  displays  and  controls  for  the  operation  of  the 
transmitter.  The  status  of  safety  interlocks  and  alarms  which  indicate  failure  is  displayed  on  the  control  console. 

Receive  System.  The  present  communications  receive  system  is  unusable  in  the  new  configuration.  A  completely 
new  receive  system  will  be  designed  to  replace  it.  The  angle  track  receiver  will  be  usable  with  minor  modifications  to 
the  IF  portions  to  accommodate  the  bandwidth  of  the  pulsed  radar.  New  angle  track  receiver  preamps  will  have  to 
be  designed. 

Transmit  System.  The  present  final  amplifier,  power  supply  and  heat  exchanger  cannot  be  used  in  the  new  con¬ 
figuration.  A  new  transmit  system  will  be  designed  using  the  new  power  suppT  and  heat  exchanger  designed  for  the 
X-band  communications  system.  This  new  power  supply  and  heat  exchanger  are  described  later  in  this  report. 

Station  Clock.  The  station  clock  consists  of  an  ultra-stable  oscillator,  HP-107BR,  a  time  code  generator  Astro 
Data  6190-133,  a  WWV  receiver  and  time  displays.  The  ultra-stable  oscillator  is  the  station  frequency  standard  which 
supplied  5  MHz,  1  MHz  and  0.1  MHz  signals  to  the  time  code  generator  and  frequency  synthesizers.  The  stability 
of  all  signals  is  better  than  one  part  in  5  x  1010  per  day.  The  time  code  generator  supplies  time-of-day  in  hours, 
minutes  and  seconds  to  the  time  displays  on  the  control  console  and  the  station  clock.  Binary  serial  time-of-day  and 
timing  pulses  are  routed  to  the  digital  computer.  The  WWV  receiver  is  used  as  a  calibration  standard  for  the  stable 
oscillator.  An  auxiliary  oscilloscope,  supplied  with  one-second  timing  marks,  is  used  to  permit  time  comparisons 
against  signals  received  on  the  WWV  receiver  to  establish  a  frequency  drift  record  for  a  frequency  standard. 

Frequency  Synthesizer.  The  present  frequency  synthesizer  cannot  be  used  in  the  modified  radar  without  mr'or 
redesign  since  the  output  frequencies  were  determined  for  the  communications  operation.  A  new  frequency  synthe¬ 
sizer  will  be  incorporated  into  the  signal  processor  design  and  synchronized  by  the  station  dock. 

Auxiliary  Equipment.  Other  auxiliary  equipment  presently  installed  at  the  site  includes  a  two-ton  air  conditioner 
and  a  1 5  KW  heater  mounted  on  the  antenna  back-up  structure  adjacent  to  the  center  room.  The  purpose  is  to 
maintain  the  temperature  of  the  antenna  mounted  RF  equipment  rooms  at  70  +  2  degrees  F. 

A  20-ton  air  conditioner  cools  the  main  equipment  room  in  the  operations  building.  Cool  air  is  ducted  directly 
into  the  room  and  warm  air  is  drawn  off  the  equipment. 

A  diesel-powered  generator,  capable  of  turning  on  30  seconds  after  power  failure,  provides  power  for  interior 
lights,  radome  blowers  and  stowage  of  the  antenna.  A  battery  is  used  to  operate  station  clock.  Also  available  are 
compressed  air  facilities  as  well  as  a  mobile  service  tower  (Hi  Ranger)  for  access  to  and  maintenance  of  the  antenna 
mounted  equipment. 


Figure  4.  Control  Console 


SECTION  IV 

NEW  EQUIPMENT  REQUIREMENTS 


A.  GENERAL 

In  addition  to  the  items  described  previously,  new  equipment  must  be  designed  and  procured.  This  consists  of  a  new 
feed  horn  with  its  associated  microwave  plumbing;  a  new  transmitter  and  modulator;  a  new  receiver  front  end  includ¬ 
ing  duplexers,  etc.;  a  signal  processor  which  includes  the  waveform  generator,  transverse  equalizer,  phase  and  ampli¬ 
tude  detectors,  and  precision  range  tracking  circuits;  data  handling  and  recording  equipment. 

Minor  modifications  to  some  existing  hardware  will  be  necessary.  The  present  noise  figure  measurement  system 
will  also  be  modified  and  incorporated  into  the  new  receiver  subsystem.  Studies  will  continue  to  be  performed  on 
upgrading  the  servo  system  performance^  and  the  orbital  computer  sampling  rate. 

All  wideband  portions  of  the  system  subject  to  dispersion  effects  will  be  located  on  the  antenna  pedestal.  These 
include  the  transmitter,  receiver,  duplexer  and  other  microwave  hardware,  noise  figure  measurement  system  and 
the  wideband  portions  of  the  signal  processor.  AH  other  portions  of  the  system  will  be  placed  in  the  equipment  room 
shown  in  Figure  S  located  at  the  rear  of  the  control  room.  These  include  the  orbital  computer,  signal  processor,  data 
handling,  servo  cabinets,  range  tracker,  station  clock,  etc.  Figure  6  is  a  plan  view  of  the  operations  building. 

B.  SIGNAL  PROCESSOR  SUBSYSTEM 

The  signal  processor  includes  the  waveform  generation  and  compression,  range  and  angle  tracking  function,  gen¬ 
eration  of  system  timing  signals,  local  oscillator  and  coherent  references  for  the  entire  system  and  provides  distortion 
correction  for  the  entire  system  to  ensure  that  the  range  side  lobe  level  of  -35  db  is  achieved. 

The  timing  and  synchronizing  signals  for  the  radar  are  derived  by  the  signal  processing  subsystem  from  the  system 
PRF  generator  and  the  station  clock  to  ensure  that  the  system  remains  coherent  throughout  and  stable  with  respect 
to  a  time  reference. 

The  radar  will  operate  in  three  basic  modes  as  shown  in  Figure  7.  The  purpose  of  multiple  mode  capability  is  to 
ensure  a  smooth  transition  from  the  CW  acquisition  to  the  high  resolution  mode.  Mode  I  will  consist  of  transmitted 
waveform  with  no  frequency  modulation.  It  will  have  a  duration  of  20  microseconds  in  Phase  I  and  40  microseconds 
in  Phase  II.  The  Mode  I  operation  will  be  used  for  initial  acquisition  in  range  and  angle  using  active  monopulse  angle 
tracking  in  two  dimensions. 

Once  the  object  of  interest  has  been  acquired  and  sufficient  angle  track  data  has  been  acquired  to  permit  the  com¬ 
puter  driven  angle  track  system  to  take  over,  a  transition  will  be  made  into  Mode  II.  The  Mode  II  operation  utilizes 
a  simple  linear  FM  waveform  of  2.5  MHz  bandwidth.  Its  duration  is  20  microseconds  in  Phase  I  or  40  microseconds 
for  Phase  II.  The  intent  of  the  Mode  II  operation  is  to  improve  the  system  range  resolution  to  a  nominal  200  feet 
and  initiate  active  range  track  preparatory  to  entering  the  high  resolution  mode  or  Mode  III.  The  operation  in  Mode 
II  will  derive  range-rate  data  from  the  target  to  feed  the  third  order  range  tracking  system  required  in  the  high  resolu¬ 
tion  mode  since  the  transmitted  pulses  are  far  too  short  to  result  in  accurate  doppler  measurements.  No  active  angle 
tracking  will  occur  in  Modes  II  or  III. 
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Mode  III  will  consist  of  a  linear  FM  transmit  waveform  of  250  MHz  bandwidth  in  Phase  I  and  a  500  MHz  band¬ 
width  for  Phase  II.  The  resolution  will  be  nominally  two  feet  and  one  foot,  respectively,  however,  meaningful  measure¬ 
ments  will  be  taken  with  a  weighted  waveform  resulting  in  range  resolution  of  four  feet  and  two  feet,  respectively, 
for  adjacent  targets  differing  in  amplitude  by  34  db. 


The  signal  waveform  is  obtained  by  combining  the  2.5  MHz  Mode  II  ramp  with  either  a  247.5  MHz  or  a  497.5 
MHz  ramp  for  actual  transmission  of  250  MHz  or  500  MHz  signals.  Included  in  the  signal  waveform  is  a  round  trip 
transmission  path  predistortion  function  with  a  correction  for  atmospheric  dispersion  in  the  500  MHz  case. 


Figure  5.  Equipment  Room 
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Figure  7.  Modes  of  Operation 


When  the  signals  are  received,  they  are  mixed  again  with  a  frequency  off-set  ramp  pre-corrected  for  target  radial 
velocity  resulting  in  IF  signals  containing  a  2.5  MHz  linear  FM  modulation  with  a  duration  of  either  20  microseconds 
or  40  microseconds.  The  range  resolution  of  the  full  transmitted  bandwidth  is  retained  by  virtue  of  the  fact  that  the 
IF  signals  have  a  center  frequency  which  varies  with  range  at  the  rate  of  25  kHz  per  foot.  This  frequency  difference 
is  then  transformed  into  range  resolution  in  the  time  domain  by  passing  it  through  an  inverse  linear  FM  compression 
filter  which  has  a  time  delay  sensitivity  of  1 25  kHz  per  microsecond  in  Phase  I  and  62.5  kHz  per  microsecond  in 
Phase  II.  These  signals  when  displayed  within  the  20-microsecond  window  (40-microsecond  in  Phase  II)  provide 
range  resolution  of  two  feet  across  a  100  foot  aperture  in  Phase  I  and  range  resolution  of  one  foot  across  a  100-foot 
aperture  in  Phase  II.  In  either  case,  the  output  IF  bandwidth  is  2.5  MHz,  allowing  a  feasible  A/D  conversion  end  re¬ 
cording  system  to  be  employed. 

The  received  signals  will  be  weighted  at  IF  after  compression  in  a  transversal  equalizer  to  provide  the  required  side 
lobe  level. 

An  interesting  and  attractive  aspect  of  this  system  configuration  is  that  only  the  wideband  portions  of  the  signal 
processor  need  to  be  located  on  the  antenna  structure  and  all  of  the  narrow  band  portions,  including  the  pulse 
compression  networks,  range  tracker  and  angle  tracker  will  be  located  in  the  operations  building. 

The  actual  output  information  from  the  Signal  Processing  Subsystem  will  be  either  amplitude  and  phase  or  I  and 
Q  signals  derived  for  the  duration  of  the  100-foot  range  window.  The  radar  will  be  making  the  high  resolution  measure¬ 
ments  on  two  simultaneously  received  orthogonal  polarizations  by  delaying  the  signal  in  one  polarization  channel 
and  processing  both  signals  through  the  same  circuits  to  alleviate  channel  matching  problems. 

A  mode  sequencer  is  included  in  the  signal  processor  to  sequence  the  system  from  Modes  I  through  II  but  also  in¬ 
cludes  the  capability  of  interlacing  angle  track  pulses  between  the  Mode  III  signals  in  the  event  that  computer  angle 
tracking  is  inoperable.  A  simplified  block  diagram  of  the  signal  processor  is  shown  in  Figure  8. 

C.  FEED  HORN  AND  RECEIVER  SUBSYSTEM 

The  system  will  transmit  vertical  polarization  only  :'ut  will  receive  both  vertical  and  horizontal  polarization  in  the 
wideband  channels.  For  initial  acquisition  and  angle  tracking  in  Mode  I,  narrow  band  monopulse  configured  vertically 
polarized  receive  horns  will  be  used.  This  results  in  a  feed  horn  design  as  shown  in  the  simplified  drawing  of  Figure  9. 
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Figure  8.  Signal  Processing  Block  Diagram 


Wideband  tunnel  diode  amplifiers  will  be  used  in  the  information  channels.  The  two  channels  will  be  equalized  so 
that  the  relative  phase  aud  amplitude  of  the  received  information  will  be  preserved.  The  wideband  receiver  will  be 
designed  for  the  full  500  MHz  bandwidth  capability  so  that  no  modifications  to  the  receiver  will  be  required  in 
Phase  II.  The  significant  parameters  of  the  receive  subsystem  arc  the  phase  and  amplitude  tolerance  which  must  be 
held  to  insure  no  degradation  of  the  signal  processor  side  lobe  level  performance.  Figure  10  is  a  block  diagram  of  the 
receiver  subsystem.  The  output  of  the  wideband  receiver  will  be  fed  to  the  signal  processing  system  for  waveform 
compression  and  detection.  A  survey  of  existing  receiver  technology  indicates  that  tunnel  diode  amplifiers  are 
feasible  for  this  application. 


The  narrow  band  sum  and  difference  channels  will  also  be  tunnel  diode  amplifiers.  These  channels  will  feed  the 
angle  track  receivers  in  the  active  track  mode. 


D.  TRANSMITTER  SUBSYSTEM 


The  wideband  transmitter  will  be  designed  to  operate  from  the  existing  1.2  MW  high  voltage  supply  and  heat 
exchanger.  The  transmitter  will  be  implemented  initially  with  an  available  interim  tube  modified  for  higher  fre¬ 
quency  operation  and  will  be  constructed  so  that  minimum  modifications  will  be  required  for  conversion  to  Phase 
II  operation.  It  is  expected  that,  with  proper  design,  only  the  pulse  forming  network  will  have  to  be  replaced  to 
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Figure  9.  Feed  Horn  Design 


accommodate  the  new  pulse  width  in  Phase  II.  The  Phase  II  tube  will  be  designed  to  use  the  same  tube  socket  as  the 
interim  tube.  A  new  focusing  solenoid  will  also  be  supplied  with  the  Phase  II  tube.  Pulse  leveling  will  be  included  in 
the  modulator  to  minimize  pulse  ripple.  Phase  monitoring  and  correction  circuits  will  be  included  in  the  driver 
section  of  the  transmitter  to  maintain  the  specified  linear  phase  vs  frequency  characteristic  over  the  signal  bandwidth. 

The  interim  tube  will  be  a  Varian  Hybrid  TWT  (VA145F).  Band  center  will  be  at  3350  MHz.  The  tube  will  have  an 
instantaneous  3  db  bandwidth  of  250  MHz.  Peak  power  will  be  between  four  and  six  megawatts  with  a  0.0028  duty 
and  a  20  microsecond  pulse.  The  traveling  wave  section  of  the  tube  is  of  the  coupled  cavity  type. 

The  Phase  II  tube  will  be  designated  the  VA91 5A.  It  will  have  a  500  MHz  electronic  bandwidth  at  the  6-db  points 
and  will  be  capable  of  40-microsecond  pulses.  Cathode  pulsing  will  be  employed.  Peak  power  over  the  band  will  not 
exceed  10  megawatts  and  the  average  power  when  employing  a  linear  FM  ramp  will  be  twenty  kilowatts.  The  type 
of  circuit  to  be  employed  in  the  TWT  section  has  not  been  firmly  established.  It  will  probably  be  of  the  centipede 
type.  However,  if  unexpected  problems  are  encountered,  the  coupled  cavity  circuit  may  be  used.  The  achievement 
of  a  tube  with  a  high  degree  of  phase  linearity  and  stability  is  extremely  important  and  will  receive  considerable  ef¬ 
fort  in  the  tube’s  design. 

A  block  diagram  of  the  transmitter  subsystem  is  shown  in  Figure  1 1 . 

E.  DATA  HANDLING  SUBSYSTEM 

The  output  of  the  signal  processor  is  then  encoded  in  a  pair  of  8-bit  10-MHz  A/D  converters.  A  logarithmic  ampli¬ 
fier  will  be  used  to  maintain  dynamic  range  of  the  input  signal.  The  encoded  information  is  then  stored  in  a  buffer 
memory  along  with  other  data  such  as  timing  signals,  identity,  range,  azimuth  and  elevation  angles  and  doppler  cor¬ 
rection.  The  information  is  recorded  on  1 6-channel  tape  operating  at  120  inches  per  second.  At  the  completion  of  a 
data  run  the  tapes  are  played  back  at  a  five  to  one  speed  reduction  and  reformatted  on  seven-channel  tape  in  binary 
form  for  later  computer  analysis.  Figure  12  is  the  block  diagram  of  the  Data  Handling  System. 


Figure  1 2.  Data  Handling  System 


SECTION  V 

DESIGN  CONSIDERATIONS 


A.  ANTENNA  AND  FEED  HORN 

This  analysis  concerns  the  preliminary  antenna  design  considerations  required  to  transform  the  present  Satellite 
Communication  Terminal  AN/FRC-40  into  a  Signal  Processing  Test  Facility.  The  modified  radar  is  to  be  a  high 
power,  broad  bandwidth,  high  performance  system  capable  of  tracking  orbiting  space  objects  to  obtain  high  resolu¬ 
tion  amplitude  and  phase  profiles. 

As  a  result  of  a  preliminary  evaluation  of  the  present  AN/FRC-40  antenna,  it  was  concluded  that  the  existing  an¬ 
tenna  design  co'ild  be  implemented  for  the  radar.  Furthermore,  the  only  major  modification  required  for  implementa¬ 
tion  is  a  new  feed  capable  of  operating  over  the  required  500-MHz  bandwidth.  Since  this  broad  bandwidth  capability 
only  applied  to  the  data  gathering  function  of  the  radar,  the  feed  can  be  designed  to  operate  in  an  independent  track¬ 
ing  mode  at  a  reduced  bandwidth  (ISO  MHz).  Functionally,  the  feed  will  transmit  broadband  vertically  polarized 
energy  only,  but  will  receive  both  vertically  and  horizontally  polarized  signals.  These  rignals  will  be  transmitted 
through  identical  channels  to  separate  broadband  receivers  for  signal  processing  and  data  gathering.  Target  acquisi¬ 
tion  and  tracking  will  be  accomplished  using  only  the  vertically  polarized  return  signal  in  narrow  band  tracking 
channels.  The  two  radar  functions,  i.e.,  data  gathering  and  target  tracking,  will  be  performed  by  time  sharing  the 
transmitted  puise  train  in  a  prespecified  order. 

Contained  herein  is  a  preliminary  evaluation  of  the  existing  antenna  establishing  its  parameters  under  the  opera¬ 
tional  environment.  Also  included  is  a  discussion  of  the  design  consideration  on  the  new  feed  to  convert  the  AN/FRC- 
40  antenna  for  use  in  the  modified  radar. 

1.  Analysis  of  AN/FRC-40  Antenna 

a.  Present  Antenna  Design 

The  AN/FRC-40  antenna  is  a  dual  reflector  configuration  of  the  Cassegrain  design.  The  principle  of  the 
Cassegrain  antenna  is  shown  in  Figure  13.  The  feed  is  located  on  the  system  axis  at  a  point  between  the  hyperbolic 
subreflector  and  the  parabolic  primary  reflector.  The  feed  generates  a  spherical  wave  which  illuminates  the  subrr- 
flector.  The  subreflector  in  turn  illuminates  the  paraboloid  which  reradiates  a  collimated  beam  in  the  forward  direc¬ 
tion.  The  exact  locations  of  the  hyperboloid  and  feed  are  determined  by  the  equations  of  the  surfaces  and  the  system 
geometry.  The  phase  center  of  the  feed  is  located  at  the  real  focal  point  of  the  hyperboloid  while  the  virtual  focus 
of  the  hyperboloid  is  coincident  with  the  focus  of  the  parabolic  surface. 

The  Cassegrain  design  offers  some  distinct  advantages  which  make  it  attractive  for  use  in  the  modified  radar. 
These  include: 

•  Compression  of  the  axial  length  of  the  antenna  system. 

•  Elimination  of  long  transmission  lines. 

•  More  flexibility  in  primary  feed  design  than  is  possible  with  front  fed  paraboloids. 
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Figure  13.  Cassegrain  Antenna  Principle 

•  Provision  of  another  degree  of  control  in  illuminating  the  primary  reflector  by  using  an  auxiliary 
reflector. 

b.  Specifications  of  the  AN/FRC-40  Antenna 

Pertinent  design  specifications  for  the  AN/FRC-40  antenna  are  presented.  Figure  14  defines  the  parameters 
for  the  Cassegrain  system. 

(1)  Paraboloid 

•  D-  60  feet 

•  F  -  25  feet 

•  F/D- 0.417 

•  Equation  of  parabola -Y^p  =  4  FX  *=  100X 

(2)  Hyperboloid 

•  d  *  5.8  feet  „ 


•  Equation  of  hyperbola  — 

(3)  Paraboloid  Half  Angle  is  given  by 


tan 

2  4F 


therefore  #  *  62°. 

(4)  Feed  Half  Angle  is  given  by 


tan  ~  B 
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REAL  FOCAL  POINT  OF  HYPERBOLOID  AND  PHASE  CENTER  OF  FEED 


Figure  14.  Parameters  of  Cassegrain  Antenna 

where  M  is  magnification  of  Cassegrain  system  which  is  fixed  by  the  existing  design  at  M  *  7.5,  therefore 
a=  9.16°. 

c.  Estimate  of  Antenna  Performance 

The  three  parameters  required  to  describe  antenna  performance  are  gain,  sidelobe  level  and  beam  width.  The 
specific  design  outlined  above  is  herein  analyzed  to  provide  estimates  of  these  parameters  for  the  operating  frequency 
of  3350  MHz  *  250  MHz. 


(1)  Gain 

The  gain  of  an  antenna  is  given  by 

(s) 

where  A  is  the  aperture  area,  X  is  the  operating  wavelength  and  i?  t  is  the  overall  antenna  efficiency.  The  primary 
factors  contributing  to  i?t  in  •  practical  design  are : 

r?t  -  Aperture  efficiency 
i?b  -  Blockage  efficiency 
r?tol  -  Surface  tolerance  efficiency 
-  Spillover  efficiency 

Aperture  efficiency  -  qa  -  This  factor  expresses  the  reduction  in  gain  below  a  uniformly  illuminated  aperture 
caused  by  a  tapered  flluminatkic . 

A  typical  aperture  illumination  for  a  parabolic  reflector  can  be  closely  approximated  by  a  circularly  symmetric 
'tapered  distribution  of  the  form7 

fi(r)»A*B(l-^2P  (6) 
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Figure  IS.  Aperture  Illumination  Function 

where  A  +  B  =  1 ,  and  R  is  the  radius  of  the  aperture.  This  is  shown  in  Figure  1 5.  Assuming  a  -10  db  edge  taper 
(A  =  0.3)  and  a  value  of  P  -  1 .5,  to  provide  a  -24.8  db  radiation  pattern  maximum  sidelobe  level,  an  aperture 
efficiency  of  88.4%®  is  obtained. 

Spillover  efficiency  -  ris  -  This  factor  represents  the  effectiveness  of  the  feed  to  illuminate  only  the  reflectors  and 
minimize  any  energy  which  radiates  elsewhere.  Actual  feed  sources  distribute  energy  in  a  pattern  which  tapers  from 
a  central  maximum  to  nulls.  If  all  this  energy  is  intercepted  by  the  reflectors,  spillover  loss  would  be  zero;  however, 
illumination  efficiency  would  be  rather  low.  As  an  example,  a  3-db  taper  at  the  edge  would  achieve  an  tj$  of  ap¬ 
proximately  S0%®.  An  optimum  value  of  taper  which  is  common  for  the  Cassegrain  system  is  about  -10  db  il¬ 
lumination  at  the  paraboloid  edge.  This  value  of  taper  yields  a  value  of  85%  for  r?s.  This  value  was  obtained  by  inte¬ 
grating  the  total  power  contained  in  the  universal  feed  pattern^  and  comparing  it  to  the  power  contained  within 
the  -10  db  points  of  this  pattern. 

Blockage  efficiency  ■  %  -  This  represents  the  loss  in  gain  caused  by  the  presence  of  physical  obstruction!  which 
shadow  some  portion  of  the  radiated  energy.  In  a  Cassegrain  system  the  contributors  to  blockage  are  the  subreflector 
and  its  structural  supports  and  the  primary  feed.  The  projection  of  the  physical  areas  occupied  by  these  structures 
on  the  aperture  plane  are  the  blockage  factors  (see  Figure  16). 

The  calculations  for  blockage  due  to  the  subreflector  and  feed  are  straightforward  and  involve  a  ratio  of  their 
areas  to  the  area  of  the  paraboloid. 

subreflector  blockage  *  d^/D^  *  0.0094  or  0.94%  (7) 


Figure  16.  Aperture  Blockage 
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The  feed  blockage  should  be  considerably  less  than  this  and  should  fall  within  the  shadow  of  the  subreflector  projec¬ 
tion  (see  Figure  16).  A  combined  value  for  the  feed/subreflector  combination  is  estimated  as  1.5 %  of  the  total  aperture 
area. 

The  blockage  associated  with  the  support  struts  consists  of  direct  blockage  and  strut  projected  blockage  (see 
Figure  16).  In  the  existing  design,  the  four  struts  intercept  the  reflector  surface  on  a  24-foot  diameter  circle.  The 
direct  projection  of  these  struts  which  taper  from  1.5'  diameter  at  that  point  to  9"  diameter  where  they  are  attached 
to  the  subreflector  results  in  a  blockage  of  about  40  square  feet  on  the  aperture.  The  blockage  due  to  viewing  the 
struts  from  the  paraboloid  focal  point  (i.e.,  the  four  trapezoidal  sections  in  Figure  16)  project  a  total  area  of  about 
290  square  feet  on  the  paraboloid  surface.  This  results  in  a  total  strut  blockage  of  about  12  percent. 

Since  the  various  blockages  shadow  different  portions  of  the  parabolic  dish,  some  of  which  are  of  relatively 
low  illumination  intensity  (due  to  the  assumed  aperture  illumination  taper),  the  physical  blockages  calculated  must 
be  weighted  to  include  illumination  taper  effects.  Weighting  both  types  of  strut  blockage  the  same  and  in  the  ratio 
of  1  to  2  with  respect  to  the  subreflector  blockage,  which  shadows  an  area  of  peak  intensity,  results  in  a  total  ef¬ 
fective  blockage  of  6.8%  or  %  *  93.2%. 

Surface  Tolerance  efficiency  -  Tjtoj  -  This  represents  the  loss  in  gain  due  to  the  RMS  surface  errors  of  the  aper¬ 
ture  and  the  resulting  non-perfect  focusing.  The  RMS  surface  tolerance  of  the  parabolic  primary  reflector  and  the 
hyperbolic  subreflector  on  the  AN/FRC-40  antenna  is  reported  as  0.040  inches  and  0.030  inches,  respectively. 

This  results  in  a  total  RMS  surface  tolerance  of  0.050  inches  which  at  the  hi^i  end  of  the  operating  frequency  band 
(3600  MHz),  representing  the  worst  case,  is  0.015  wavelength. 

The  degradation  factor  caused  by  antenna  surface  tolerance  is  given  approximately  by  John  Ruze^,  as 

*to!  =  i-16*2(-j[-)2  (8) 

where 

e  =  RMS  error  =  0.05  inch 

X  =  free  space  wavelength 

Letting  X  =  3.3"  representing  the  high  end  of  the  frequency  band  and  the  worst  case  for  surface  tolerance 
analysis,  Tjtoj  =  0.96  or  96%. 

Overall  aperture  efficiency  is  defined  as  the  product  of  the  contributing  efficiency  factors. 

T?t  =  t?,  x  »?s  x  t?b  x  j?tol  (9) 

or 

ijt  *  65.6% 

Since  we  have  not  considered  any  detrimental  effects  of  cross  polarized  loss,  illumination  phase  deviation  loss 
and  subreflector  diffraction  loss,  rjt  will  actually  be  lower  than  the  above  value.  Estimating  the  combined  effects  of 
these  losses  as  an  85  percent  efficiency  factor,  overall  efficiency  can  conservatively  be  estimated  as  i7t  =  55%.  Using 
this  value  of  ijt,  equation  (5)  can  be  solved  to  determine  the  gain  of  the  antenna. 

do) 
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Therefore 


G  =  194,500 


or 


G(db)  *  52.8 

where  X  was  taken  as  the  wavelength  at  3100  MHz,  the  low  end  of  the  operating  band.  Solving  equation  (1)  for  the 
high  end  of  the  frequency  band  yields  a  gain  in  db  of 

G  *  54.2 

These  computations  have  been  made  to  slide  rule  accuracy  only. 

(2)  Sidelobe  Level 

In  any  design,  the  sidelobe  levels  are  dependent  upon  the  aperture  illumination  taper  and  the  amount  of 
aperture  blockage  present.  The  effect  of  increasing  the  taper  across  an  aperture  is  to  reduce  the  level  of  close  in 
sideiobes  and  in  general  all  sidelobes  will  be  lowered.  The  effect  of  aperture  blockage  is  to  increase  rather  substantially 
the  close  in  lobes. 

A  treatment  of  blockage  effects  on  sidelobe  levels  presented  by  Jasik1  ^  and  further  developed  by  Jansen12, 
yields  the  following  expression  which  gives  an  approximation  of  how  blockage  affects  sidelobes12. 


— —  2B2 

New  sidelobes  =  20  log  -^1 -  (11) 

1-2B2 

where  Eg/E,,,  is  the  sidelobe-to-main  beam  voltage  ratio  for  an  unperturbed  antenna  and  2B2  is  the  blockage  ratio  for 
a  tapered  amplitude  illumination.  In  Jansen’s  treatment12,  only  the  subreflector  blockage  was  considered;  however, 
in  our  case,  the  2B2  factor  will  be  more  complex  since  it  must  also  contain  the  effective  stmt  blockage  which  must 
be  further  weighted  to  reflect  the  illumination  taper.  Estimates  of  the  weighting  are  1.8  for  the  direct  stmt  blockage 
and  1.0  for  the  projected.  Thus,  equation  (1 1)  for  an  unperturbed  sidelobe  level  of  -24.8  db  yields 

New  Sidelobe  *  20  log  (ILQS6  +  0.085  .  )  (12) 

1  -  0.085 

*20(0.149-0.966) 

*-16.3  db 


Although  this  level  of  sidelobe  radiation  is  not  prohibitive  for  this  operation,  a  lower  sidelobe  level  would 
be  preferable;  nevertheless,  it  does  not  justify  the  costs  involved  in  redesigning  the  stmt  supports  which  are  the  main 
cause  of  sidelobe  degradation  to  enhance  sidelobe  performance.  Furthermore,  it  is  felt  that  this  level  could  be  de¬ 
creased  somewhat  by  using  a  more  tapered  aperture  illumination  in  the  feed  design  without  degrading  gain  per¬ 
formance  significantly. 
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(3)  Beamwidth 


The  half-power  beamwidth  of  an  antenna  is  related  to  the  size  of  the  aperture  and  to  the  aperture  illumination 
taper  by  the  following  relationship: 

Beamwidth  =  K  (13) 

where  K  is  an  aperture  illumination  taper  constant.  For  the  assumed  aperture  illumination 

fl(r)  =  0.3  +  0.7[l-(r/R)2]l-5  (14) 

The  nominal  value  of  K  is  0.6 s(^).  Thus,  the  existing  AN/FRC40  antenna  is  capable  of  providing  a  beamwidth  on  the 
order  of  0.32°  at  the  center  frequency  of  3350  MHz. 

d.  Summary 


The  preceding  analysis  provided  the  basis  for  predicting  the  antenna  performance  specifications  wherein  values 
for  the  various  antenna  parameters  were  obtained  by  a  CW  analysis.  Although  an  analysis  of  the  effects  of  broad 
bandwidth  signals  on  antenna  performance  was  not  made,  the  CW  analysis  has  been  used  to  examine  antenna  pattern 
behavior  as  a  function  of  frequency.  It  should  be  noted  that  the  Cassegrain  geometry  provides  equal  pathlengths 
between  the  wavelength  feed  and  the  main  reflector  aperture,  thereby  preventing  the  transient  “build  up”  of  aper¬ 
ture  illumination  which  destroys  the  broad  band  performance  of  many  types  of  phased  arrays.^ 

In  terms  of  the  gain  at  the  peak  of  the  beam,  it  is  found  that  there  is  a  gain  variation  of  approximately  1.3  db 
across  the  band.  Off-axis  gain  is  further  affected  by  frequency  dependent  beamwidth  variation  of  0.034°  across  the 
band  as  shown  in  Figure  17.  Compensation  for  gain  variation  with  frequency  is  possible  in  the  system,  but  if  this  is 
done  for  on-axis  gain,  the  gain  variations  at  beam  edges  suffer  additional  deterioration.  Results  of  gain  variation  are 
signal  amplitude  modulation  which  is  not  caused  by  target  characteristics  and  are  therefore  undesirable.  Since  it  is 
felt  that  the  antenna  will  track  well  within  the  half  power  points  of  the  main  beam  where  a  system  compensated 
gain  difference  of  less  than  1  db  is  probable,  the  problem  does  not  seem  serious. 

Sidelobe  levels  for  a  broad  band  signal  will  not  be  greater  than  the  CW  values.  Moreover,  the  effective  sidelobes 
should  be  lower,  since  at  different  frequencies  the  sidelobes  are  not  geometrically  coincident  (Figure  17)  effectively 
filling  nulls  and  reducing  peaks. 
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Choice  of  antenna  geometry  can  only  partially  solve  the  broad  banding  problem.  Reflections  from  auxiliary  dish 
and  struts  and  coupled  signals  reflecting  back  from  the  monopulse  feeds  all  occur  within  the  40-microsecond  frequency 
swept  pulse  employed  in  the  system  and  will  affect  the  resulting  waveforms.  Off-axis  waveform  transmission  even 
within  the  main  beam  has  an  additional  source  of  deterioration  due  to  the  difference  in  path  lengths  to  the  target 
from  different  parts  of  the  antenna  aperture.  Consider,  for  example,  the  signal  from  the  edge  of  the  dish  compared 
with  that  from  the  center  at  an  angle  equal  to  the  half  power  point  of  the  main  beam  (one-sixth  degree  approximately). 
These  signals  travel  path  lengths  to  the  target  differing  by  one  inch  in  length.  Ftectromagnetic  radiation  in  space 
travels  at  about  10^  ft/sec  or  one  foot  per  nanosecond,  so  the  40  microsecond  pulse  is  40,000  feet  long.  During  this 
pulse  the  frequency  sweeps  500  megacycles  or  12,500  cycles  per  nanosecond.  At  this  rate,  the  signal  from  the  edge 
of  the  reflector  differs  in  frequency  by  1000  Hertz  cycles  compared  with  that  from  the  center  of  the  reflector.  This 
effect,  distributed  over  the  entire  aperture,  must  have  its  effects  on  the  signal  waveform.  A  study  is  being  undertaken 
to  further  examine  this  problem. 

2.  Feed  Design  Consideration 

The  proposed  radar  must  have  an  automatic  tracking  capability.  This  places  certain  requirements  on  the  antenna 
and,  more  specifically,  on  the  feed  design.  A  preliminary  evaluation  of  the  tracking  techniques  available  for  a  reflec¬ 
tor  antenna  indicated  that  for  the  operating  environment,  a  monopulse  tracker  would  be  most  desirable.  Moreover, 
a  monopulse  feed  could  be  incorporated  into  the  existing  antenna  structure  with  little,  if  any,  modification  to  the 
existing  antenna. 

a.  Comparison  of  Four-Horn  vs  Five-Horn  Monopulse  Design 

In  order  to  obtain  azimuth  and  elevation  tracking  information,  a  minimum  of  four  horns  is  required.  In  the 
transmit  mode,  the  sum  of  the  four  horns  provides  the  primary  illumination.  On  receive,  the  difference  patterns  are 
used  to  derive  the  azimuth  and  elevation  error  signals  for  tracking  while  the  suiw  pattern  is  used  to  derive  a  tracking 
reference  signal  plus  the  required  target  information  (range,  target  signature,  etc.). 

A  five-horn  design  is  depicted  in  Figure  18.  The  center  horn  is  used  on  transmit  while  all  five  horns  are  used  on 
receive,  but  only  the  four  exterior  horns  are  used  to  derive  the  principal  plane  error  signals.  The  center  horn  provides 
the  tracking  reference  signal  plus  the  target  information. 

The  main  advantage  of  the  five-horn  over  the  four-horn  design  is  that  data  gathering  and  tracking  are  ac¬ 
complished  independently.  Furthermore,  the  five-horn  design  offers  a  more  simple  design  for  the  polarization  re¬ 
quirements  since  the  center  horn  is  the  only  horn  which  requires  orthogonally  polarized  outputs  while  tracking  can 
be  accomplished  with  singly  polarized  homs. 

b.  System  Considerations  Influencing  the  Five  Horn  Feed  Design 

The  system  requires  that  the  feed  be  capable  of  operating  under  the  following  conditions: 

•  Power- 10 megawatts  peak 

20  kilowatts  average 

•  Frequency  -  3350  MHz  center  frequency  +  250  MHz  * 

•  Polarization  -  Transmit  linear  vertical 

Receive  linear  vertical  and  horizontal  simultaneously 
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Figure  18.  Five-Horn  Feed  Schematic 


(1)  Information  Channels 

The  above  system  requirements  pertain  primarily  to  the  transmit/data  gathering  functions  and,  because  of 
the  five-horn  design,  concern  only  the  center  horn.  Since  the  proposed  experiments  are  to  obtain  high  resolution 
amplitude  and  phase  profiles  of  space  targets,  extreme  requirements  have  been  imposed  on  data  gathering  channels. 
Data  gathering  is  performed  in  the  center  horn  which  provides  two  orthogonally  polarized  outputs  which  form  two 
independent  information  channels  with  the  following  characteristics: 

(a)  Amplitude  Balance  Between  the  Two  Channels 

Factors  affecting  the  balance  between  channels  other  than  mechanical  tolerances  are  cross  coupling  be¬ 
tween  channels  and  mis-mntches  within  channels.  A  1 .1 : 1  VSWR  mismatch  in  one  of  the  channels  results  in  a 
0.01  db  loss  in  power.  If  cross  coupling  between  channels  or  channel  isolation  is  maintained  at  -40  db,  an  additional 
0.08  db  effect  on  unbalance  is  present.  These  conditions  result  in  an  unbalance  which  could  be  as  low  as  0.09  db. 
An  assumed  30-db  isolation  between  channels  results  in  a  total  unbalance  of  0.26  db.  It  is  felt  that  the  interchannel 
isolation  can  approach  the  design  goal  of  -40  db  and  consequently  a  +  0.1  db  amplitude  unbalance  can  be  obtained. 

(b)  Phase  Balance  Between  Channels 

Phase  dispersion  differential  existing  between  the  two  channels  will  consist  primarily  of  dispersion  due 
to  mismatches  and  waveguide  tolerances. 

Phase  dispersion  caused  by  two  mismatches  in  either  channel  can  be  represented  by* 


where 


and 


Xg  =  guide  wavelength 

and  r  j ,  r2  are  the  values  of  reflection  coefficients  of  the  two  mismatches  separated  by  a  distance  l  . 

Since  Tj  and  r2  are  assumed  small,  then 

T2sin20i  (16) 

O 

or 


0  max  as  Tj  r2  (radians)  (17) 

As  an  example  of  differential  phase  dispersion  consider  two  mismatches  of  1.1: 1  and  1.2:1,  separated  by  20  feet  at 
the  operating  frequency,  then  0  max  =  0.0045  rr  ^ans  or  0.27°.  Since  the  overall  specification  on  the  feed  horn  is 
an  input-to-output  VSWR  of  1 . 1 : 1 ,  the  effect  of  mismatches  of  this  value  will  be  less  than  that  given  in  the  ex¬ 
ample.  Furthermore,  the  effect  of  more  discontinuities  of  smaller  magnitude  spread  along  the  waveguide  channels 
will  result  in  an  even  lower  phase  dispersion  ripple. 

If  waveguide  tolerance  in  the  broad  dimension  of  the  guide  can  be  kept  to  a  differential  of  0.010 
inches,  a  phase  differential  dispersion  of  0.8°  will  result.  The  sum  of  the  two  dispersions  obtainable  in  this  example 
by  combining  waveguide  tolerance  and  mismatch  is  1.07°  differential  dispersion.  An  interchannel  phase  balance  of 
+3.0°  should  be  met  without  difficulty  in  this  case. 

(c)  Insertion  Loss 

The  overall  length  of  the  feed  system  (i.e.,  from  mouth  of  the  horn  to  the  transmit  receive  enclosure)  will 
be  approximately  35  feet.  Since  maximum  attenuation  in  RG/48U  waveguide  is  less  than  1  db/100  feet  across  the 
operating  band,  insertion  loss  in  each  channel  should  be  about  0.3  db. 

(d)  Pressurization 

The  center  horn  or  at  least  the  transmit  channel  of  the  feed  must  be  pressurized  to  prevent  breakdown  of 
the  10  MW  peak  power.  For  RG/48U  waveguide,  the  required  pressurization  is  about  15  psig. 

(2)  Tracking  Channels 

The  tracking  horns  can  be  designed  independently  to  operate  in  the  vertically  polarized  mode  only  over  a 
150-MHz  bandwidth.  The  performance  of  the  tracking  horns  can  best  be  discussed  in  terms  of  the  monopulse  dif¬ 
ference  patterns. 

The  difference  patterns  are  generated  by  taking  the  difference  of  the  two  symmetrically  squinted  beams 
(see  Figure  19)  generated  by  the  appropriate  pairs  of  tracking  horns.  Also  shown  on  the  figure  is  the  sum  pattern  of 
the  squinted  beams. 
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SUM  PATTERN 


BEAMS  SQUINTED  FROM 
B0RESI8HT 


(A)  POLAR  PLOTS 


(B)  RECTANGULAR  PLOTS  WHERE  >ls  ■  a  SIN  Bs 


Figure  19.  Monopulse  Sum  and  Difference  Psttemi 


The  characteristics  of  the  difference  pattern  necessary  to  describe  performance  are  gain,  sidelobe  level,  null 
depth  and  difference  pattern  slope. 

(a)  The  gain  and  sidelobe  level  of  the  monopulse  pattern  are  interrelated  and  highly  dependent  on  the  parti¬ 
cular  antenna  design.  If  one  were  to  optimize  the  gain  of  the  difference  pattern  alone,  he  would  do  so  at  the  expense 
of  high  sidelobes.  Since  the  AN/FRC-40  antenna  has  excessive  aperture  blockage,  si  delobes  would  be  excessively 
high  in  the  optimum  difference  pattern  gain  design,  consequently  a  gain  sidelobe  level  trade  off  must  be  considered. 

Assuming  a  1  to  3  db  cross  over  of  the  .urn ted  beams,  the  gain  of  the  difference  pattern  peak  could  be 
as  high  as  2.47  db14  below  the  sum  pattern  peak  in  the  optimum  gain  design.  The  illumination  required  to  provide 
this  gain  would  result  in  excessive  spillover  and  unperturbed  sidelobes  of  the  order  of  -18  db.  It  was  shown  previously 


that  the  aperture  blockage  present  results  in  about  an  8-db  degradation  of  the  sidelobe  levels  in  the  sum  pattern.  Con¬ 
sequently,  optimum  gain  design  would  have  prohibitive  sidelobe  characteristics.  An  aperture  distribution  or  primary 
illumination  which  reduces  spillover  would  result  in  a  lower  sidelobe  level.  It  is  estimated  that  (he  antenna  design  with 
proper  illumination  could  provide  final  sidelobes  of  17-18  db  below  the  peak  of  the  difference  pattern.  This  would 
b«  accompanied  by  a  km  hi  pin  but  this  should  bt  kept  within  *6  db  of  the  peak  of  thi  cam  pultun 

(b)  Null  Depth,  Width  and  Error  Signal  Slope 

The  error  signal  slope  may  be  determined  from  the  relationship  given  by  Kinsey*4  for  a  circular  aperture, 


K<>aS_  ''oWd.p.e 

where 

K0  =  Maximum  error  signal  slope 

G0  =  Maximum  theoretical  sum  mode  gain 
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This  value  must  be  corrected  to  account  for  the  actual  sum  mode  gain  (i.e.,  consider  55%  efficiency)  and  the  devia¬ 
tion  from  maximum  slope  resulting  from  the  actual  difference  aperture  illumination  function  which  results  in  a 
factor  of  about  0.8  *5, 

or 


Ks  (5.6)  tJoJs)  (0.80)  =  3.4  volt/degree  (20) 

(3)  The  width  of  the  null  at  a  specified  level  below  the  sum  channel  peak  can  be  determined  from  the  slope 
of  the  error  signal.  Assuming  a  null  depth  of  -35  db  (0.0178  volts  in  difference  channel  relative  to  one  volt  in  the 
sum  channel),  the  full  width  of  the  difference  null  will  be  approximately 


0  2(0.0178)  volte -  =0.0105° 

34  vo*ts^  degree 

B.  TRANSMITTER  DESIGN  CRITERIA 


(21) 


The  primary  design  criteria  for  the  transmitter  are  based  on  the  final  performance  expected  .id  the  economics 
of  using  the  presently  available  facilities. 

In  order  to  maintain  very  low  time  sidelobes  on  the  compressed  pulse,  consideration  must  be  given  to  the  phase- 
frequency  characteristics  and  amplitude-frequency  response  of  the  transmitter.  The  ideal  phase  performance  of  the 
transmitter  chain  would  be  a  linear  phase-frequency  characteristic  with  no  high  frequency  components  of  phase 
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deviations.  In  reality,  this  is  difficult  to  achieve  over  the  very  wide  bandwidth  of  the  system.  The  number  of  individual 
devices  used  in  the  RF  chain  also  contributes  to  a  high  frequency  perturbation  because  of  interstage  coupling,  reflec¬ 
tions  due  to  mismatch,  and  nonlinearities  of  the  individual  devices.  The  operating  conditions  and  environment  of  each 
stage  will  add  ano  her  source  of  phase  nonlinearity.  Coaxial  cables,  connectors,  waveguide  sections  and  filters  will 
produce  a  phase  n  sponse  dependent  on  the  relative  lengths  involved,  mismatch  and  loss  as  a  function  of  frequency. 
Each  of  the  comp  ments  will  have  to  be  designed  and  error  values  assigned  to  each  in  order  that  the  system  as  a 
whole  will  meet  the  final  parameters. 

The  transmitter  chain  will  consist  of  a  minimum  of  two  traveling  wave  tube  amplifiers  in  cascade  driving  a  hybrid 
traveling  wave  tube  -  klystron  (Twystron®  )  final  power  amplifier.  The  initial  or  pre-driver  will  serve  as  a  phase 
compensating  element  for  the  entire  chain  as  well  as  amplify  the  input  signal.  The  second  TWT  must  provide  suf¬ 
ficient  output  power  to  drive  the  hybrid  TWT  and  overcome  the  insertion  losses  in  an  isolator  or  attenuator  located 
between  the  driver  and  the  final  amplifier. 

Each  of  the  three  tubes  must  be  operated  in  its  minimum  phase  distortion  mode.  The  phase  response  of  each  indi¬ 
vidual  tube  is  dependent  on  certain  intrinsic  properties  of  the  tube  itself  and  also  on  external  factors  which  cause  a 
reaction  on  the  tube. 

Other  than  designing  and  building  the  tube  to  have  the  desired  phase  characteristics,  nothing  can  be  done  to  cor¬ 
rect  the  tube  phase  performance.  However,  those  external  variables  that  influence  the  phase-frequency  response  of 
the  tube  can  be  controlled.  These  are  the  external  factors  which  tend  to  change  the  electrical  length  of  the  tubes. 

Beam  voltage  pulse  variations  which  cause  stream  velocity  modulations  produce  a  phase  modulation.  Electron 
current  density  variations  cause  amplitude  modulations  in  the  output  which  are  accompanied  by  phase  modulation 
components.  Magnetic  field  beam  focusing  variations,  filament  voltage  variations,  magnetic  effects  of  the  filament 
voltage  on  the  beam  current,  drive  level  variations,  output  VSWR,  and  a  host  of  other  parameters  all  contribute  to 
the  combined  effect  on  the  tube  behavior. 

To  achieve  the  desired  degree  of  phase  linearity',  each  of  these  variables  will  have  to  be  closely  controlled. 

The  modulator  required  to  drive  the  final  power  amplifier  will  play  an  important  parfin  determining  the  phase- 
frequency  response  of  the  hybrid  TWT.  In  addition  to  providing  an  adequate  peak  and  average  power  level  to 
operate  the  final  amplifier,  the  pulse  shape  must  be  carefully  controlled  in  order  to  enhance  the  phase-frequency 
response  of  the  tube. 

The  ideal  pulse  shape  would  be  of  constant  amplitude  during  the  time  that  the  RF  drive  is  applied  to  the  input 
of  the  final  amplifier.  Any  droop  or  ripple  voltage  on  the  pulse  will  cause  a  phase  perturbation. 

The  type  modulator  that  can  be  used  to  drive  the  final  power  amplifier  is  restricted  by  the  mechanical  and 
electrical  parameters  of  the  existing  equipment.  The  location  of  the  high  voltage  power  supply  in  the  operations 
building  requires  a  high  voltage  cable  to  conduct  the  high  voltage  to  the  antenna  enclosure.  Because  of  its  size  and 
weight,  locating  the  power  supply  on  the  antenna  itself  would  be  impractical. 

Another  factor  affecting  the  type  of  modulator  is  the  type  of  beam  control  necessary  for  the  hybrid  TWT.  A 
series  beam  switch  using  a  hard  tube  modulator  could  be  used  except  for  a  very  important  factor.  The  pulse  current 
from  the  power  supply  to  the  load  would  have  to  go  through  the  high  voltage  cable  which  is  approximately  2S0  feet 
in  length.  The  inductance  and  capacitance  would  be  shock  excited,  causing  a  severe  RFI  problem  to  other  equipment. 
In  addition  to  the  long  length  of  cable  involved,  the  choice  of  high  voltage  switch  tube  to  use  in  the  modulator 
would  be  another  risk.  A  large  high  voltage  switch  tube  is  nearly  always  designed  to  be  operated  with  the  anode- 
cathode  axis  in  a  vertical  plane.  Because  of  the  moving  antenna  platform,  the  filaments  and  other  elements  of  the 
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tube  would  be  subjected  to  a  varying  orientation  which  could  cause  interelectrode  shorts  in  the 
tube. 

Another  approach  for  the  modulator  design  would  be  to  use  a  modulating  anode  for  beam  control  of  the  hybrid 
TWT  and  pulse  the  anode  with  a  floating  deck  hard  tube  modulator.  Here  again,  the  power  supply  is  the  limiting 
factor.  The  existing  power  supply  has  insufficient  output  voltage  to  operate  the  hybrid  TWT.  There  would  be  a 
greater  problem  with  the  space  available  in  the  antenna  enclosure  to  handle  the  higher  d-c  voltages  associated  with 
a  modulating  anode  type  of  final  power  amplifier  tube  and  modulator. 

Another  problem  associated  with  the  two  preceding  modulators  would  be  the  high  voltage  switch  tubes  and  pro¬ 
tection  of  the  load  and  modulator  in  case  of  arcs  in  the  system. 

A  line  type  modulator  to  pulse  the  hybrid  TWT  is  another  possibility.  It  can  operate  from  the  existing  power 
supply.  The  peak  current  on  the  high  voltage  cable  is  low  and  also  has  a  rather  long  rise  and  fall  time  (greater  than 
seven  milliseconds).  The  low  peak  currents  and  low  rise  and  fall  times  would  reduce  the  RFI  problems  associated 
with  the  long  high  voltage  cable.  Thecomponents  associated  with  a  typical  line  modulator  are  relatively  compact 
and  sturdy.  The  maximum  high  voltage  in  the  line  modulator  would  be  less  than  40  kv  except  at  the  cathode  of  the 
hybrid  TWT  and  then  it  is  contained  in  an  enclosed  pulse  transformer  tank.  The  energy  that  can  be  dumped  into  a 
load  that  is  arcing  is  limited  to  that  contained  in  one  pulse,  provided  that  the  trigger  that  would  initiate  the  next 
pulse  is  inhibited.  This  is  so  because  the  PFN  and  pulse  transformer  serve  as  an  isolator  between  the  high  voltage 
power  supply  and  the  final  load.  The  main  limiting  factors  of  the  line  modulator  are  the  impedance  requirements, 
variable  pulse  lengths,  and  pulse  top  ripple. 

The  line  modulator  must  be  able  to  accommodate  two  different  final  power  amplifier  tubes  (Phase  I  and  Phase  II). 
This  imposes  a  requirement  for  dual  pulse  lengths,  different  peak  and  average  power  operation  and  slightly  different 
impedances  in  the  two  conditions.  It  appears  that  using  dual  pulse  forming  networks  is  the  most  reliable  method  to 
achieve  all  of  the  required  conditions. 

The  required  cathode  pulse  flatness  is  a  rather  difficult  problem.  In  order  to  reduce  the  phase  modulation  as  a 
result  of  cathode  voltage  ripple,  0.03%  droop  and  ripple  on  the  voltage  pulse  are  desirable.  Producing  a  pulse  with 
this  flatness  is  difficult,  but  measuring  the  pulse  can  be  just  as  difficult.  It  is  unlikely  that  the  pulse  flatness  can  be 
achieved  by  passive  components  alone.  An  active  pulse  level  control  is  required  that  has  sufficient  control  bandwidth 
to  correct  for  high  frequency  ripple  components.  Such  a  device  could  be  a  variable  load  which  varies  its  impedance 
in  order  that  the  line  modulator  looks  into  an  exactly  matched  load  condition  during  the  pulse.  The  variable  load 
would  be  in  series  or  shunt  with  the  fixed  tube  load  and  vary  so  as  to  remove  the  ripple  voltage  during  the  pulse. 

Achieving  a  linear  phase  frequency  transfer  characteristic  from  the  entire  transmitter  is  also  a  difficult  problem. 

After  all  the  external  factors  which  can  cause  the  phase-frequency  nonlinearities  are  minimized,  the  tube  phase  param¬ 
eters  and  the  inherent  dispersive  components  in  waveguide  runs  still  remain  to  be  concerned  with.  A  phase  compensating 
circuit  would  thus  be  desirable.  It  is  unlikely  that  a  passive  component  could  be  versatile  enough  to  compensate  for 
high  frequency  components  of  phase  ripple,  but  could  help  to  remove  a  low  frequency  component.  Low  frequency 
in  this  case  would  be  defined  as  one  or  two  cycles  of  phase  deviation  across  the  entire  bandwidth.  For  the  phase  per¬ 
turbations  which  are  stable  and  are  of  a  high  frequency  nature,  an  active  compensating  circuit  is  necessary.  The  band¬ 
width  and  the  gain  of  the  compensating  circuitry  must  be  able  to  correct  for  the  highest  frequency  component  of 
interest  across  the  bandwidth. 

The  phase  response  of  the  transmitter  on  a  pulse-to-pulse  and  on  an  intra-pulse  basis  must  first  be  determined  in 
order  that  compensating  techniques  can  be  applied.  Several  measurement  techniques  are  potentially  able  to  fulfill 
the  requirements  of  the  system.  The  measurement  accuracy  must  be  at  least  as  accurate  as  the  required  linearity  re¬ 
quirements. 
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The  maximum  allowed  phase  nonlinearity  of  the  transmitter  would  thus  require  an  accuracy  in  measurement  of  at 
least  1 10°  at  any  point  in  the  pulse  width.  For  more  complete  analysis,  an  accuracy  of  less  than  +  one  degree  is  de¬ 
sirable.  This  accuracy  figure  must  include  all  of  the  cables,  connectors,  and  components.  In  lieu  of  a  direct  phase 
measurement,  an  alternate  approach  can  be  taken  by  adjusting  and  correcting  the  phase  and  amplitude  performance 
of  the  transmitter  until  the  desired  time  sidelobes  are  obtained.  This  is,  in  reality,  the  ultimate  objective  of  phase 
correction.  This  approach  will  be  investigated  by  using  a  manual  form  of  compensation  by  adjusting  the  phase  of  the 
transmitter  at  one  half  microsecond  intervals  across  the  pulse.  Thus,  for  each  six-megahertz  interval  of  bandwidth, 
an  average  phase  correction  will  be  made  by  an  adjustable  input  voltage. 

C.  HIGH  VOLTAGE  POWER  SUPPLY  AND  COOLING  SYSTEM 

The  existing  high  voltage  supply  and  cooling  system  was  manufactured  by  Energy  Systems,  Inc.  The  high  voltage 
power  supply  is  located  in  a  portion  of  the  operations  building  (Figure  6)  and  the  cooling  system  is  located  in  a 
separate  building  adjacent  to  the  radar  pedestal. 

The  system  consists  of  a  high  voltage  power  supply  capable  of  one  megawatt  d-c  at  voltages  between  20,000  and 
120,000;  a  cooling  system  capable  of  removing  up  to  1.2  megawatts  of  heat  from  the  electronic  equipment  and 
transferring  it  to  the  outside  air;  a  d-c  dummy  load  capable  of  fully  loading  the  high  voltage  power  supply;  a  crowbar 
system  to  provide  fault  diversion  for  fast  load  protection;  a  control  console,  a-c  primary  line  power  control  and 
monitoring;  and  low  level  circuits,  controls  and  power  supplies. 

The  high  voltage  supply  consists  of  a  4160-volt  circuit  breaker,  a  full  range  Inductrol,  vacuum  switches  for  primary 
power  control,  a  three-phase  beam  transformer  with  two  separate  sets  of  secondaries,  two  complete  three-phase  full- 
wave  silicon  rectifier  bridges,  and  a  capacitor  bank.  Continuous  adjustment  of  the  high  voltage  output  is  provided  by 
the  Inductrol.  Rated  power  over  the  specified  voltage  range  is  obtained  by  reconnecting  the  power  supply  in  four 
configurations.  These  configurations  include  connecting  the  transformer  secondaries  in  wye  or  in  delta  and  connect¬ 
ing  the  d-c  outputs  of  the  two  sets  of  rectifiers  in  series  or  in  parallel. 

The  crowbar  system  contains  a  triggered  arc  gap,  a  triggering  and  logic  mechanism,  and  a  surge  resistor  which 
absorbs  the  energy  stored  in  the  capacitor  bank  when  the  crowbar  is  activated. 

The  capacitor  bank  consists  of  six  groups  of  capacitors  arranged  in  three  levels.  The  bottom  two  groups  and  the 
top  two  groups  are  always  tied  in  parallel.  The  middle  two  groups  are  floating.  The  different  capacitor  bank  arrange¬ 
ments  are  obtained  by  different  interconnections  between  the  floating  level  two  and  the  other  levels  by  means  of 
various  capacitor  links. 

The  high  voltage  room  is  a  non-livable  area  whose  entrances  are  protected  by  key  interlocks. 

The  specifications  for  the  high  voltage  power  supply  are; 

•  Input  Power:  4160  volts  +  5%,  60  Hz,+  5%,  3  phase,  210  amperes  and  1400  Kva  by  rated  output,  5% 

maximum  unbalance  between  any  two  phases. 

•  Output  Power:  1  megawatt  d-c  between  20,000  and  1 20,000  volts,  obtainable  in  four  voltage  ranges  by 

alternate  transformer  and  rectifier  connections. 

•  Delta-parallel,  0-35  kv.  Current  rating  50  amperes  at  20  kv  to  28.9  amperes  at  35  kv. 

•  Wye-parallel,  0-60  kv.  Current  rating  28.9  amperes  at  35  kv  to  16.7  amperes  at  60  kv. 

•  Delta-series,  0-70  kv.  Current  rating  25  amperes  at  40  kv  to  14.4  amperes  at  70  kv. 

•  Wye-series,  0-120  kv.  Current  rating  14.4  amperes  at  70  kv  to  8.3  amperes  at  1 20  kv. 
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•  Polarity:  Negative  or  positive. 

•  Ripple:  Less  than  0.5%  peak-to-peak  with  the  full  capacitor  bank  for  each  connection  and  up  to  full  load  cur¬ 

rent. 

•  Power  Supply  Impedance:  18%  reactance  including  source  (based  on  source  impedance  0.0297  +j  0.0898 

on  3  MVA  base). 

•  Output  Voltage  Adjustment:  With  motor  driven  Inductrol,  4160  volts  input  +  5%,  7500  volte  output,  90 

second  motor  runup  time,  control  power  1 20  volts,  60  Hz,  single-phase. 

•  Inductrol  Regulator:  Regulates  output  voltage  to  +  1%  over  the  range  of  1875  to  7500  volts  output  (25%  to 

100%  of  output). 

•  Capacitor  Bank:  500,000  joules  energy  storage  capability,  available  in  three  voltage  ratings. 

•  625  microfarads  at  40  kv 

•  1 56  microfarads  at  80  kv 

•  69.5  microfarads  at  120  kv 

The  cooling  system  consists  of  a  distilled  water  loop,  a  brine  loop  and  a  glycol  loop.  The  distilled  water  is  used  to 
cool  the  electronic  equipment.  This  medium  is  used  in  order  to  provide  the  heat  capacity  and  maintain  the  high  rate 
of  heat  transfer  required  in  the  Twystron  collector.  The  glycol  loop  is  used  to  transfer  the  heat  from  the  distilled 
water  to  the  ultimate  sink,  the  outside  air.  The  glycol  loop  provides  isolation  between  the  air  and  the  distilled  water 
to  reduce  the  danger  of  freezing  the  water.  The  brine  loop  is  used  to  cool  the  d-c  dummy  load,  as  well  as  to  furnish 
the  resistive  element  for  the  load.  The  heat  in  the  brine  is  transferred  to  the  distilled  water,  then  to  the  glycol,  and 
then  to  the  air. 

Separate  distilled  water  pumps  are  used  to  cool  the  transmitter  and  the  brine  loop.  The  pump  for  cooling  the 
brine  loop  has  sufficient  flow  rate  for  the  one-megawatt  capability  of  the  d-c  dummy  load. 

1.  D-C  Dummy  Load  Loop 

•  Absorb  and  remove  one  megawatt  of  d-c  power  from  d-c  dummy  load  resistor. 

•  Flowrate:  300 gpm. 

•  Maximum  temperature  leaving  dummy  load:  82°C. 

•  Surge  tank  capacity:  250  gallons  (200  gallon  liquid). 

•  Salinity:  can  be  increased  in  steps  from  the  main  control  console. 

•  Temperature  control  of  input  brine  to  DCDL  by  thermostatically  controlled  bypass  valve  around  the  brine 
heat  exchanger. 

2.  Distilled  Water  Loop 

•  Transfer  up  to  one  megawatt  of  heat  from  brine  loop  to  glycol  loop. 

•  Transfer  up  to  400  kw  of  heat  from  transmitter  to  glycol  loop. 

•  Rated  to  transfer  up  to  1 .2  megawatts  of  heat  from  transmitter  to  glycol  loop  by  changing  to  a  400  gpm 
transmitter  cooling  pump. 


•  Flow  rate:  416  gpm  when  cooling  brine;  160  gpm  at  120  psi  when  cooling  transmitter  during  SYSTEM  ON;  4S 
gpm  at  14  psi  to  transmitter  during  SYSTEM  OFF. 

•  Temperature:  Temperature  controlled  at  inlet  to  surge  tank  by  a  pneumatic  control  system  to  maintain  sys¬ 
tem  temperature  of  132  + 2.5°F  during  HIGH  VOLTAGE  ON:  120°F  during  SYSTEM  ON-HIGH  VOLTAGE 
OFF;  45°F  during  SYSTEM  OFF. 

•  Uses  hot  water  from  building  heating  system  to  maintain  cooling  water  temperature;  670,000  Btu/hr  from 
20  gpm  of  hot  water  at  180°F  is  required. 

•  Surge  tank  capacity:  400  gallons  (250  gallon  liquid). 

•  Storage  tank  capacity:  1000  gallons  (800  gallon  liquid). 

•  Purification  loop  to  filter  and  repurify  the  distilled  water  used  for  cooling. 

•  Operation  of  slow  speed  transmitter  pump  controlled  by  outside  ambient  temperature.  Pump  operates  below 
35°F  ambient  temperature  to  circulate  warm  water  through  the  system. 

•  Check  valves  used  throughout  system  to  eliminate  need  for  valve  adjustments  when  changing  cooling  between 
d-c  dummy  load  and  transmitter. 

3.  Glycol  Loop 

•  Transfers  up  to  1.2  megawatts  from  distilled  water  loop  to  air  at  100°F  maximum  ambient  temperature. 

•  Flowrate:  416 or 832 gpm, selectable. 

•  Glycol  temperature:  120°F+,5°F,  thermostatically  controlled. 

•  Glycol  mixture:  60  by  volume  of  ethylene-glycol  PM  171 7  in  water  which  has  been  treated  to  remove  hardness. 

•  Glycol  surge  tank  capacity:  500  gallons. 

•  Radiators:  Three  radiators  with  10-foot  diameter  fans;  individually  controlled  by  temperature  switches  to 
start  at  glycol  temperatures  of  1 19°F,  124°F,  129°F. 

•  Pressure  relief  valve  around  radiators  prevents  pressures  in  excess  of  35  psi. 

4.  D-C  Dummy  Load 

•  Power  rating:  One  megawatt  d-c  maximum. 

•  Voltage  rating:  120  kv  d-c  maximum. 

•  Current  rating:  50  amperes  d-c  maximum. 

•  Loss  medium:  Brine  solution.  Salinity  can  be  increased  in  steps  from  control  console. 

Both  the  power  supply  and  the  heat  exchange  system  have  more  than  adequate  capacity  to  meet  the  needs  of 
the  proposed  transmitter  design.  The  cooling  system  has  a  well  stabilized  temperature  control  characteristic  which 
would  prevent  excessive  phase -frequency  drift  characteristics  as  a  function  of  temperature. 

D.  RECEIVER  DESIGN  CRITERIA 

The  requirements  for  the  receiver  subsystem,  as  specified  under  the  original  design  goals,  are  based  upon  Phase  II 
of  the  proposed  program.  This  phase  of  the  task  required  a  500-MHz  instantaneous  bandwidth  centered  at  3350  MHz 
having  a  maximum  power  handling  capability  of  lO^mega  watts  peak,  20-kilowatts  average,  a  maximum  noise  figure  of 
6.5  db  and  a  total  phase  nonlinearity  of  +  5°. 


This  project  required  limiting  to  the  consideration  of  “off-the-shelf’  microwave  devices  in  order  to  avoid  costly 
and  time  consuming  developments.  Technical  discussions  were  conducted  internally  and  with  industry  regarding 
present  state-of-the-art  devices.  Based  upon  these  discussions,  it  was  considered  that  existing  components  are  avail¬ 
able  which  would  achieve  the  desired  design  goals. 

The  receiver  subsystem  consists  of  four  separate  channels:  two  broadband  information  channels,  called  the 
“vertical”  and  “horizontal”  channels,  and  two  narrow  band  monopulse  error  channels.  The  vertical  channel  is  the 
high  power  channel  while  the  horizontal  channel  has  30  db  of  isolation  from  the  vertical  channel  in  the  transmit 
state.  Both  the  vertical  and  horizontal  channels  must  be  electrically  identical. 

A  survey  was  conducted  to  determine  the  optimum  parameters  involved  in  obtaining  a  receiver  subsystem  utilizing 
present  state-of-the-art  microwave  devices.  The  components  to  be  investigated  were  low  noise  receivers,  high  power 
duplexers,  high  power  and  low  power  broadband  couplers,  low  power  nanow  band  couplers,  wideband  and  narrow¬ 
band  gated  limiters,  mixers  and  IF  strips. 

The  major  areas  that  demanded  prime  consideration  were  the  high  power  duplexer  and  the  low  noise  receiver 
elements.  A  competititve  analysis  was  not  required  of  the  other  electronic  devices  as  they  were  available  components 
dependent  only  on  electrical  parameters  that  could  be  defined  as  applicable  to  the  system’s  requirements. 

Two  types  of  high  power  duplexers  were  analyzed.  The  ferrite  and  gaseous  type  duplexers  were  considered  the 
most  optimum  approaches  for  achieving  the  specified  design  goals  of  the  work  statement.  A  comparison  of  the 
merits  of  the  solid  state  duplexer  relative  to  the  gaseous  type  duplexer  resulted  in  the  following  determinations: 

(a)  The  ferrite  type  duplexer  is  capable  of  handling  the  high  power  requirements  of  the  specifications.  Assuming 
no  peak  or  average  overload  conditions,  the  duplexer  would  have  an  indefinite  life  time,  no  recovery  time  involved, 
no  replacement  time  required  and  lower  operating  cost  because  of  the  longlife  time  expectancy. 

(b)  Although  the  gaseous  type  duplexer  had  the  high  peak  and  average  power  capability,  there  appeared  to  be 
several  disadvantages  as  compared  to  the  ferrite  duplexer.  This  device  had  a  guaranteed  life  of  only  1000  hours.  The 
recovery  time  of  the  gaseous  type  duplexer  depends  upon  the  diffusion  and  recombination  processes.  This  limits 
the  recovery  time  of  the  device  dependent  upon  the  frequency,  geometry  and  the  plasma  media.  There  is,  there¬ 
fore,  a  replacement  time  problem  and  increased  operating  cost  considerations  as  opposed  to  the  femte  duplexer 

approach. 

Based  upon  this  preliminary  data,  it  was  considered  that  the  optimum  approach  for  satisfactorily  complying  with 
the  specifications  was  to  proceed  in  the  direction  of  a  ferrite  type  duplexer.  However,  subsequent  evaluation  of  the 
operating  requirement  for  electrically  identical  vertical  and  horizontal  channels  could  not  be  achieved  by  a  femte 
duplexer.  The  phase  tracking  of±l  .0°  and  the  inrertion  loss  tracking  of  0.1  db  required  for  the  receiver  subsystem 
were  considered  beyond  the  state  of  the  art  for  ferrite  duplexer  devices.  As  these  two  parameters  are  essential  for 
obtaining  the  necessary  high  resolution  amplitudes  and  phase  profiles  dictated  by  system’s  requirements,  the  gaseous 
duplexer  approach  was  given  primary  consideration. 

Low  noise  receiver  devices  evaluated  were  vacuum  tube  RF  amplifier,  transistor  amplifier,  crystal  mixer,  MASER, 
traveling  wave  tube,  parametric  amplifier  and  tunnel  diode  amplifier.  The  critical  technical  areas  that  necessitated 
major  consideration  were  receiver  sensitivity,  frequency  range,  bandwidth,  gain,  gain  tracking,  phase  tracking,  volume 
and  weight  requirements. 

The  vacuum  tube  and  transistor  amplifiers  were  limited  by  poor  noise  performance  and  therefore  not  considered 
compliant  with  the  noise  figure  requirements.  The  MASER,  although  having  ultra  low  noise  properties,  could  not 
attain  the  bandwiuih  and  dynamic  range  specifications.  In  the  case  of  the  parametric  amplifier  and  traveling  wiive 
tube,  the  cost  was  a  prohibitive  factor. 


The  tunnel  diode  low  noise  receiver  appeared  to  be  the  only  electronic  device  that  could  fulfill  the  overall  system’s 
requirements  within  reasonable  costs.  The  noise  figure  and  bandwidth  can  be  successfully  achieved  by  incorporation 
of  the  low  noise  tuni.el  diode  amplifier  in  the  receiver  subsystem  channels.  These  devices  are  small  in  size  and  light 
in  weight  and  can  be  supplied  in  weatherproof  cases  for  antenna  mounting,  if  necessary,  as  well  as  in  dustproof  or 
rack-mounted  configurations.  Since  these  units  are  operated  with  low  d-c  voltages,  they  have  extremely  stable  gain 
and  phase  characteristics.  The  tunnel  diode  amplifier  can  be  subjected  to  any  arbitrary  loading  impedance  at  the 
input  and  output  simultaneously,  without  causing  any  spurious  oscillations  either  in  or  out  of  the  frequency  band  of 
interest.  The  environmental  characteristics  of  these  devices  are  superior  in  comparison  to  other  competitive  low 
noise  devices. 

In  summary,  analysis  indicated  that  the  optimum  approach  for  achieving  the  design  parameters  was  the  gaseous 
duplexer  configuration  and  it  was  determined  that  the  best  approach  for  resolving  the  receiver  design  goals  was  the 
utilization  of  a  hw  noise  tunnel  diode  amplifier.  The  incorporation  of  these  two  microwave  devices  should  be 
capable  of  achieving  optimum  performance  of  the  receiver  subsystem. 

E.  SIGNAL  PROCESSOR 

The  development  of  the  signal  processor  specifications  has  been  accomplished  with  enough  generality  to  permit  a 
variety  of  techniques  to  be  considered,  yet  specific  enough  to  define  the  parameters  of  other  system  components. 
Because  of  the  simultaneous  requirement  for  high  range  resolution  and  high  transmit  power,  it  is  immediately  obvious 
that  some  form  of  pulse  compression  must  be  used.  Transmitter  characteristics  and  other  system  requirements,  such 
as  data  rate,  information  bandwidth  and  range  window  length  leads  to  a  fixed  transmit  pulse  length  of  20  psec  for 
Phase  I  and  40  psec  for  Phase  II.  The  effective  pulse  compression  ratios  are  the  transmit  pulse  length  times  the 
information  bandwidth,  which  for  Phase  I  is  5,000  and  for  Phase  II  is  20,000. 

The  general  requirement  of  the  signal  processor  is  to  generate  the  basic  wideband  expanded  waveform  and  to 
process  the  received  signal  by  compressing  and  translating  the  information  band  so  that  the  received  signals  can  be 
recorded.  The  radar  output  parameters  of  interest  will  be  the  amplitude  and  relative  phase  response  of  a  target 
(one-foOt  nominal  resolution)  within  a  100-foot  range  window.  The  orthogonal  polarization  response  is  also 
obtained  and  processed  through  common  channels.  The  basic  form  of  the  signal  processor  is  depicted  within  the 
dotted  lines  of  Figure  20.  To  accomplish  the  general  requirements,  the  signal  processor  should  function  as  follows: 

The  exciter  must  provide  a  suitable  pulse  expanded  waveform  to  the  transmitter  for  high  power  amplification. 

The  waveform  should  include  the  necessary  compensation  factors  to  take  into  account  the  distortions  imposed 
upon  it  by  the  effects  of  doppler,  ionosphere  and  microwave  components.  To  alleviate  the  microwave  distortion 
problem  the  wide  band  portions  must  be  located  as  close  to  the  feed  horn  as  physically  possible. 

Upon  reception  of  the  wide  band  signal,  narrow  banding  techniques  should  be  used  immediately  to  ease  signal 
handling  difficulties  and  further  reduce  distortion  which  may  otherwise  occur.  A  linear  FM  pulse  compression 
technique  utilizing  active  local  oscillator  cross-correlation  to  tccomplish  this  function  is  used.  The  local  oscillator 
is  synchronized  and  cross-correlated  with  the  received  expanded  signal,  effectively  reducing  die  signal  bandwidth. 
Range  resolution  is  maintained  as  a  function  of  the  resultant  correlation  frequency.  Such  narrow  banding  also  per¬ 
mits  the  cross-polarized  signals  to  be  relatively  delayed  and  processed  through  a  common  channel,  thus  simplifying 
the  subsequent  signal  processing. 

Of  utmost  importin  '*  is  tlie  ability  to  slow  down  the  signals,  i.e.,  reduce  the  250  MHz  (or  500  MHz)  information 
bandwidth!  to  permit  recording  by  known  A/D  converter  techniques.  It  should  be  noted  that  only  100  feet  (0.1 
psec)  of  the  total  range  is  to  be  recorded  while  the  PRF  interval  (data  rate)  is  1/70  sec.  Narrow  bsnding  of  the  signal 
by  this  method  provides  a  time  expansion  characteristic,  nuking  it  possible  to  use  the  long  interval  between  pulses 
to  record  the  signal  at  a  much  slower  rate  than  is  indicated  by  the  overall  250  MHz  (or  500  MHz)  bandwidths 


39 


Figure  20.  Simplified  Basic  Design 

involved.  The  desired  time  expansion  will  be  provided  in  part  by  the  signal  processing  technique.  It  can  be  accom¬ 
plished  as  shown  in  Figure  8,  for  example,  by  the  use  of  dispersive  delay  lines.  These  lines  when  used  in  conjunction 
with  the  frequency  modulated  mixer  can  simultaneously  compress  the  waveform  and  delay  the  signal  in  accordance 
with  the  differential  range  (frequency).  High  speed  sampling,  A/D  conversion,  and  interim  buffer  storage  with  re¬ 
duced  rate  readout  provide  additional  time  expansion  for  reliable  tape  recording. 

The  weighting  for  pulse  compression  signals  is  also  indicated  in  Figure  20;  however,  it  must  be  realized  that  all 
components  throughout  the  system  need  to  be  considered  as  contributing  to  the  resultant  weighting.  This  is  indi¬ 
cated  in  Figure  21  and  will  be  discussed  later.  In  the  same  sense  as  signal  weighting,  a  transversal  equalizer  should  be 
incorporated  to  adjust  the  overall  signal  response  after  reception. 

The  final  segments  of  the  signal  processor  are  the  amplitude  and  phase  detectors  which  will  present  the  analog 
signals  to  the  data  handling  equipment.  Figure  20  indicates  amplitude  and  phase  outputs;  however,  it  is  realized  that 
the  quadrature  components  of  the  signal  may  also  be  used. 

Figure  20  also  indicates  functions  such  as  angle  track  receivers,  timing,  mode  programmer,  and  range  tracker, 
which  are  to  be  included  in  the  overall  signal  processing  package  to  effect  a  complete  modification  of  the  Floyd  Site. 

An  overall  system  response  to  result  in  the  signal  range  sidelobes  of  -35  db  is  considered  feasible  if  due  care  is 
given  to  the  system  design,  exclusive  of  atmospheric  effects.  The  low  sidelobe  response  requirement  is  a  result  of 
the  primary  function  of  the  radar,  i.e.,  satellite  observation.  Various  investigations16  on  short  pulse  scattering  of  an 
object  indicates  that  at  least  a  35-db  dynamic  range  is  desirable  to  distinguish  small  scatterers  from  sidelobes  of  large 
scatterers  in  the  same  range  window. 


A.  Elementary  Block  Diagram  Of  Weighting  Error* 
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B.  Equivalent  Block  Oiagroin  Of  The  Weighting 


Figure  21-  Amplitude  8  Phase  Errors 


In  fact,  the  Fourier  transform  of  the  power  spectrum  is  the  time  response  of  the  pulse  compression  system.  With  a 
signal  spectrum  S(co),  and  a  matched  filter  response  H(co)  =  S*(u>),  the  output  spectrum  of  the  signal  is 

P(w)  =  S(«)H(w)=  |S(w)l2  (1) 

which  is  also  the  power  spectrum  of  the  input  signal.  The  Fourier  transform  of  P(co)  is  the  output  signal.  It  is  im¬ 
mediately  evident  from  Figure  21  that  all  system  components  will  contribute  to  the  resulting  signal  spectrum  (ampli¬ 
tude  and  phase).  The  output  can  be  represented  by  the  Fourier  transform  of  P(w)  E(w)  where  E(oo),  for  a  linear 
network,  represents  the  phase  and  amplitude  effects. 

In  Figure  21,  a  completely  linear  system  is  assumed.  However,  the  technique  for  narrow  banding  signals,  as  shown 
in  Figure  3,  is  not  necessarily  linear.  Small  nonlinearities  in  the  ramp  can  be  shown  to  give  phase  errors  equivalent  to 
a  linear  network  which  may  then  be  treated  using  paired  echo  theory.  In  addition,  nonlinearities  in  the  ramp  may 
affect  the  magnitude  of  the  error  as  a  function  of  target  position  within  the  range  window.  This  effect  is  discussed 
later.  In  general,  a  completely  linear  ramp  will  not  produce  errors;  therefore,  the  linear  system  model  can  be  used. 

Assuming  tolerance  can  be  held  to  small  values,  the  required  tolerances  can  be  estimated,  using  paired  echo  theory^. 
The  power  of  this  theory  lies  in  its  ability  to  separately  express  the  effects  of  amplitude  and  phase  distortion  in  terms 
of  the  original  undictorted  time  function  corresponding  to  the  spectrum  of  interest  (before  distortion)  and  various 
time  delayed  replicas  resulting  from  the  distortion  permitting  one  to  determine  the  resultant  overall  distortion  by 
direct  summation  of  these  similar  temporal  waveforms. 

Since  the  paired  echo  analysis  utilizes  a  Fourier  Ser  es  to  express  the  amplitude  and/or  phase  distortion  charac¬ 
teristics,  the  overall  distortion  due  to  even  non-sinusoidal  amplitude  and/or  phase  variation  can  be  analyzed  in  terms 
of  a  number  of  paired  echoes  of  the  original  undistorted  waveform,  simplifying  the  problems  of  analysis  tremen¬ 
dously. 


Making  use  of  this  theory,  while  assuming  sinusoidal  perturbations,  it  can  be  shown  that  the  peak  amplitude  of  the 
spectrum  is  increased  by  a  factor  of  1 .04  corresponding  tc  a  peak  amplitude  ripple  of  0.34  db  fur  -34  db  time  side- 
lobes.  Similarly,  the  peak  phase  error  ripple  is  determined  to  be  1 2.3  degrees. 

These  errors  must  be  constrained  throughout  the  entire  system  if  a  nominally  -35  db  sidelobe  response  is  to  be 
realized. 

It  is  anticipated  that  the  transmitter  signal  transfer  characteristic  will  not  in  itself  meet  these  requirements.  In 
addition,  it  has  been  found  difficult  to  obtain  reliable  phase  data  from  tube  manufacturers  from  which  the  trans¬ 
mitter  contractor  may  design.  For  this  reason  it  is  believed  desirable  to  have  active  correction  loops  in  the  trans¬ 
mitter  and  signal  processor  to  aid  in  achieving  these  requirements.  It  is  believed  that  a  transversal  equalizer  will  then 
effectively  reduce  the  sidelobes  to  the  desired  level. 

All  wide  band  portions  of  the  system  should  be  located  near  the  feed  horn.  The  effects  of  waveguide  dispersion 
and  VSWR  on  the  signal  are  discussed  in  Appendix  C. 

The  slowed  down  output  information  IF  bandwidth  should  be  2.5  MHz.  This  bandwidth  is  selected  for  several 
reasons.  First,  an  output  signal  must  be  specified  as  a  basis  for  A/D  conversion.  It  also  appears  reasonable  to  use 
with  delay  lines.  If  dispersive  delay  lines  are  to  be  used  in  the  slow  down  technique,  the  time  bandwidth  product 
must  be  considered.  The  2.5  MHz  bandwidth  results  in  a  50  to  1  and  100  to  1  time  bandwidth  product  for  Phase  I 
and  Phase  II,  respectively.  As  discussed  in  the  Data  Handling  Section,  the  2.5  MHz  bandwidth  appears  feasible  to 
A/D  convert  and  record. 

The  signal  processor  should  operate  in  various  modes  for.angle  and  range  acquisition  and  tracking.  These  modes 
are  described  elsewhere. 

A  range  window  of  100  feet  has  been  selected.  This  is  a  trade  off  between  the  expected  target  lengths,  resolution, 
data  handling  capabilities  and  accuracies  involved.  From  the  point  of  view  of  minimizing  the  effects  of  nonlinearities 
in  the  L.O.  ramp,  as  short  a  window  length  as  possible  is  desired.  For  the  purpose  of  illustrating  this  effect,  we  will 
represent  the  frequency  vs  time  curve  as  the  difference  frequency  resulting  from  the  mixer  operation  on  two  sig¬ 
nals  as  shown  in  Figure  22A.  If  there  were  no  time  shift  in  the  range  window  due  to  target  position,  the  ideal  mixer 
output  would  be  a  constant  difference  frequency,  as  shown  in  Figure  22B.  However,  target  signals  from  different 
portions  of  the  range  window  have  a  relative  time  shift  in  the  range  window  with  respect  to  the  L.O.  signal  as  shown 
in  Figure  22C.  If  the  frequency  function  of  the  target  signal  vs  time  is  represented  by 

fr  =  fo  +  kl  t  +  k2  sin  2rr  fm  t  (2) 

where 

ti<  t<t2 
and 

fLO  =  (fo'fIF)  +  kl  O'  At)  +  k2  sin  2n  fm  (t  -  At)  (3) 

is  the  local  oscillator  signal  with  an  arbitrary  time  shift.  After  mixing,  the  difference  frequency  can  be  represented  by 

fr  *  fLO  =  fIF  +  kl  At  +  k2  [sin  2ir  fmt  -  sin  lit  fm  (t  -  At)]  (4) 
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Figure  22.  Effects  of  Nonlinearities 


let 


Af  =  V-2  [sin  2tr  fmt  -  sin  2tr  fm  (t  -  At)]  (5) 

represent  the  deviation  of  frequency  about  the  nominal  IF  signal.  Using  the  trigonometric  relationship  for  the  dif¬ 
ference  of  two  sine  waves  the  mixer  output  difference  frequency  error  is 

Af  =  2  k2  sin  ■  ^~-8L  — —  Cos  2tr  fmt  -  trfm  It  (6) 

2 

as  shown  in  Figure  22D. 

It  can  be  seen  from  the  above  that  K2,  the  peak  frequency  deviation;  ^nv  the  modulating  frequency;  and  At,  the 
time  shift  caused  by  targets  not  centered  in  the  range  window,  should  be  kept  small.  As  the  window  length  increases, 
this  effect  is  more  pronounced.  The  nonlinearities  in  the  active  ramp  are  to  be  held  to  0.00$%  of  center  frequency 
(2.4  GHz). 
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A  second  effect  of  the  range  window  on  the  accuracies  for  the  pulsed  L.O.  type  radar  is  the  diminishing  correlation 
energy  as  the  target  is  moved  away  from  the  center  of  the  window.  That  is,  the  mixer  output  is  maximum  for  the  time 
limited  signal  and  L.O.  when  they  precisely  coincide.  The  output  becomes  progressively  less  as  the  target  moves  away 
from  the  center.  Since  0.1  /asec  (100  ft)  does  not  represent  much  slippage  of  a  40-psec  pulse,  most  of  the  degradation 
will  probably  be  due  to  the  post  L.O.  filter.  It  appears  feasible  to  maintain  an  amplitude  drop  off  of  0.S  db  across 
the  window. 

The  range  sidelobes  of  the  signal  should  be  specified  for  Mode  11  as  well  as  Mode  III.  Since  Mode  II  is  an  inter¬ 
mediate  mode,  -30  db  sidelobes  should  be  sufficient.  In  Mode  II,  the  target  complex  will  appear  essentially  as  a  point 
target  to  be  tracked.  The  -30  db  sidelobe  level  will  minimize  the  possibility  of  tracking  on  a  sidelobe  which  can  be 
in  error  by  40/isec,  or  approximately  three  miles.  Mode  III  sidelobes,  as  discussed  previously,  are  to  be  -3S  db.  The 
•35  db  appears  to  be  reasonable  and  achievable  within  the  state  of  the  art,  which  will  permit  simultaneous  observa¬ 
tion  of  specular  and  edge  scattering  phenomena  within  a  dynamic  range  of  at  least  35  db. 

Range  resolution  is,  among  other  things,  a  function  of  the  relative  amplitude  of  the  targets  in  question.  A  good 
way  to  insure  low  sidelobes  is  to  specify  a  feasible  resolution  requirement  on  two  point  targets  of  different  amplitudes. 
Referring  to  curves  published  by  Bell  Telephone  Laboratories^,  it  appears  that  two  point  targets  separated  by  four 
feet  and  differing  in  amplitude  by  34  db  should  be  resolvable.  The  range  resolution  should  be  constant  across  the 
entire  range  window  and  is  considered  only  for  targets  of  equal  velocity. 

Doppler  shifts  due  to  the  high  velocities  of  satellites  must  be  considered.  Since  there  are  several  modes  of  opera¬ 
tion,  the  effects  on  each  mode  must  also  be  considered.  At  the  operating  center  frequency  of  the  radar  (3350  MHz), 
the  doppler  shift  can  be  as  much  as  100  Kc.  For  the  Phase  II  angle  track  mode,  the  bandwidth  of  the  40  //sec  pulse 
is  25  Kc  and  therefore  the  signal  could  be  out  (at  least  partially)  of  the  bandpass  of  the  track  receivers.  The  orbital 
data  sheets  list  the  expected  satellite  velocities.  These  velocities  will  have  to  be  translated  to  doppler  frequency  for 
the  Mode  I  angle  track.  The  Mode  II  bandwidth  of  2.5  MHz  can  also  have  a  programmed  doppler  shift,  however,  it 
is  probably  not  necessary.  Mode  II  is  for  intermediate  ranging,  and  the  change  in  range  due  to  doppler  shift  will  be 
a  small  fraction  of  the  intended  range  resolution.  The  two  effects  of  doppler  on  the  wide  band  pulse  (Mode  III)  must 
be  considered.  This  is  because  the  target  velocity  causes  a  change  in  slope  of  the  frequency  modulated  waveform,  as 
well  as  a  shift  in  center  frequency,  thereby  causing  an  error  in  absolute  range.  The  latter  is  of  little  importance  since 
absolute  range  is  not  of  prime  importance  and  amounts  to  only  several  feet.  The  change  in  slope  causes  a  mismatch 
in  the  pulse  compression  filter.  The  additional  change  in  slope  can  be  estimated  as  follows.  Let  a  zero  doppler  signal 
be  represented  by 


F(t)  -  rect  t  [sin  (coc  -  )  t)  (7) 

where 

co  =  center  frequency 

up  =  bandwidth  of  ramp 

T  *  duration  of  ramp  (zero  doppler) 

and 


F(w)  -  F'l  [F(t)l 


(8) 
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since  the  doppler  shifted  spectrum  is  equivalent  to  a  change  in  scale.  Then  the  doppler  shifted  spectrum  equals 


F  (— )  where  k  =  (1  +  ^!L-  ) 
k  “  c 

and  conservation  of  energy  is  ignored. 

The  Fourier  transform  of  the  doppler  shifted  spectrum  is 


(9) 


F1  [F(^)]  «  M-|  F(kt) 
k  k 

Therefore,  the  doppler  time  function  is 


(10) 


W  =  |-^|  rect  kt  [sin  (wc  -  )  kt] 

The  new  center  frequency  and  bandwidth  are  uck  and  cj^k  respectively,  and  the  new  slope  is 


(ID 


=  J^_n+ jjl)2 

T  T  c 

A  good  approximation  of  the  slope  is  given  by 


(li_iv_+ Jv2_)a±jg_(l±  JL 


) 


(12) 


Therefore,  it  is  seen  that  the  ramp  slope  changed  by  £2  (2v/c)  times  the  bandwidth.  For  a  16  percent  bandwidth 
=  0.16gjc 
the  ramp  change  in  time  i 


2(  )  (0.16Wc)  =  [2  (0.16)]  I  1 

c  c 


2vur 


(13) 


Thus,  the  slope  mismatch  due  to  doppler  effects  is  equal  to  twice  the  signal  fractional  bandwidth  times  the  signal 
center  frequency  doppler  shift.  For  a  100  kHz  center  frequency  doppler  shift,  this  corresponds  to  32  kHz. 

It  is  expected  that  the  pulse  compression  filter  will  have  a  sensitivity  of  25  kHz  per  foot,  i.e.,  frequencies  differing 
by  25  kHz  will  be  relatively  delayed  by  a  time  equivalent  to  one  foot  in  range.  It  is  seen  that  the  32  kHz  change  in 
slope  would  cause  extreme  smearing  of  the  resolved  pulse.  The  system  waveform  generator  should  compensate  for 
this  problem  and  reduce  this  effect  to,  say  1%  or  250  Hertz,  which  corresponds  to  a  radial  velocity  on  the  order  of 
200  feet  per  second. 
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In  addition  to  the  doppler,  the  waveform  should  be  compenaated  for  the  dispersive  effects  of  the  waveguide.  Approxi¬ 
mately  60  feet  (round  trip)  of  RG-48/4  waveguide  or  equivalent  will  be  used.  The  first  order  approximation  to  the 
waveguide  dispersion  is  eons: tiered  to  be  line*!  wnh  frequency.  If  the  delay  ia  linear  with  frequency,  the  efface  would 
be  to  stretch  the  pulse  It  seems  reasonable  that  this  effect  could  be  virtually  eliminated  by  making  the  input  pulse  to 
the  waveguide  shorter,  thus  making  the  waveguide  part  of  the  overall  pulse  expansion  system. 


The  signal  processor  (or  transmitter)  must  be  able  to  keep  the  amplitude  and  phase  characteristic  of  the  transmitted 
spectrum  within  tolerable  limits.  These  limits  are  roughly  those  which  permit  relatively  poor  sideiobe  response  yet 
they  are  good  enough  to  allow  for  correction  with  a  transversal  equalizer.  In  addition,  unless  the  transversal  equalizer 
is  quickly  variable,  the  amplitude  and  phase  response  must  be  stable.  The  philosophy  is  taken  since  there  is  consider¬ 
able  wwertrtrty  in  a+ml  the  tube  thwavieristies  wilf  be.  A  linear  phase  is  rtieeied  as  a  refatne*  which  cun  br 
thought  of  as  representing  the  non-distorting  time  delay  through  the  transmitter.  This  is  represented  in  Figure  23. 


Idtal  Phase 
Slope 


Figure  23.  Transmitter  Phase  Response 


The  line  can  be  further  specified  by  having  the  integral  of  the  actual  phase  response  about  the  line  equal  to  zero. 
The  deviations  of  the  phase  response  about  the  line  can  then  be  thought  of  in  terms  of  paired-echo  theory.  It  has 
been  shown  that  the  distortion  sidelobes  resulting  from  phase  and  amplitude  modulation  in  active  components 
have  an  approximate  one-to-one  correspondence  with  paired-echo  distortion  sidelobes  for  the  case  of  a  linear  FM 
waveform.  From  paired-echo  theory  the  period  of  a  sine  wave  determines  the  position  of  a  sideiobe,  whereas  its 
(sine  wave)  amplitude  determines  the  amplitude  of  the  sideiobe.  If  the  peak  errors  are  small,  a  fairly  reliable 
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estimate  of  the  echoes  contributed  by  transmitter  respcnse  can  be  obtained.  Since  the  peak  phase  error  response  may 
result  from  n  random-like  curve,  the  peak  of  the  sine  wave  contributing  to  the  random  peak  will  necessarily  be  less. 

It  is  also  important  to  note  that  since  only  a  100-foot  range  window  is  being  used,  the  sidelobes  developed  outside 
the  window  need  not  be  considered. 

If  r  is  200  x  10*9  seconds,  then  for  a  100-foot  window  1/r  is  S  MHz  per  Hertz. 

This  results  in  only  considering  phase-vs-frequency  fluctuations  less  than  one  Hertz  per  S  MHz  of  bandwidth  since 
more  rapid  variations  fall  outside  the  window.  The  specification  therefore  should  include  the  concept  of  integrating 
the  phase-vs-frequency  curve  about  the  reference  line  in  S  MHz  intervals,  thus  virtually  removing  the  rapid  variations. 

To  permit  proper  design  of  the  signal  processing  subsystem,  a  transmitter  phase  of  20°  peak  deviation  from  linear 
is  chosen.  If  the  transmitter  is  in  itself  correctable  to,  say  ±  5°,  then  the  transversal  equalizer  may  be  used  to  further 
correct  the  overall  system  response.  It  is  necessary,  however,  to  have  the  pube-to-pulse  phase  corrections  matched 
to  within  +  2°  or  the  transversal  equalizer  correction  will  not  be  effective  over  the  total  run  of  approximately  20 
minutes. 

Dynamic  range  is  an  important  consideration  for  this  signal  processor.  A  45  db  dynamic  range  was  chosen  as  a 
reasonable  achievable  linear  instantaneous  range.  An  additional  40-db  dynamic  range  is  required  for  range  variation 
of  target.  The  dynamic  range  should  be  specified  in  terms  of  intermodulation  cross-products.  That  is,  the  linear  por¬ 
tion  of  the  input  amplifier  (tunnel  diode),  which  is  not  expected  to  achieve  more  than  45  db,  should  not  result  in 
intermodulation  products  that  are  comparable  to  the  sidelobe  response.  Selective  attenuators  preceding  the  amplifier 
should  be  used  to  keep  the  signal  in  the  linear  portion. 

The  decision  to  switch  in  the  attenuators  may  be  manual;  however,  automatic  decisions  and  switching  may  be  in¬ 
corporated,  if  practical.  In  any  event,  the  AGC  will  be  constant  across  the  range  window  and  the  amount  of  attenua¬ 
tion  will  be  recorded  as  auxiliary  data.  It  should  also  be  noted  that  the  limited  dynamic  range  of  the  tunnel  diodes 
will  be  somewhat  alleviated  by  the  use  of  a  pulse  compression  waveform. 

Channel  matching  is  required  to  maintain  an  accurate  relationship  between  the  wideband  cross  polarized  channels. 
The  amplitude  and  phase  match  should  be  within  0.5  and  ±  0.5°,  respectively.  This  should  enable  subsequent  analysis 
to  determine  some  of  the  polarization  characteristics  of  the  signal.  Future  expansion  to  dual  transmit  polarization  is 
also  anticipated. 

A  low  power  signal  processor  checkout  is  expected  to  be  performed.  This  should  include  35  feet  of  waveguide  to 
demonstrate  the  compensation  capability.  In  addition,  it  may  be  desirable  to  put  in  high  VSWRs  to  demonstrate 
the  performance  of  the  transversal  equalizer.  It  is  anticipated  that  a  means  to  provide  a  closed  loop  checkout  system 
will  be  available.  For  this  purpose,  a  bi-directional  coupler  is  to  be  included  in  the  high  power  waveguide.  This  will 
allow  simulation  of  a  point  source  target  and  is  probably  the  best  way  to  evaluate  overall  system  performance. 

An  accurate  range  tracker  is  required  which  will  be  capable  of  trackirg  on  the  high  resolution  data.  This  difficult 
problem  will  require  a  more  detailed  study.  Much  of  the  problem  is  d’  e  to  the  way  one  chooses  to  process  the  radar 
data.  Specifically,  the  question  to  be  answered  is  -  which  point  within  the  100-foot  range  window  should  and  can  be 
tracked. 

Signal-to-noise  ratio,  scintillation,  acceleration  and  sob-nanosecond  timing  are  aft  problems  to  be  considered  in 
arriving  at  a  solution.  Four  range  tracking  modes  will  be  considered. 


•  Prominent  point 

•  Electrical  center  of  gravity 

•  Pre-programmed  (center  of  mass) 

•  Mid-point 

The  prominent  point  method  can  be  used  for  short  periods  of  time  dependent  on  the  relative  motion  of  the 
scatterers.  If  the  target  is  rotating  with  respect  to  the  radar,  the  prominent  point  in  all  probability  will  exist  for  a 
short  time  with  subsequent  jumping  of  the  tracker  to  a  new  point.  Also,  a  problem  exists  in  relation  to  where  the 
point  lies  within  the  range  window,  i.e.,  if  the  prominent  point  is  on  the  end  of  the  100-foot  range  window,  most  of 
the  target  could  be  gated  out  if  the  window  started  at  that  point.  Smoothing  the  total  response  from  the  target  com¬ 
plex  and  determining  its  electrical  center  is  another  possibility.  It  is  evident,  however,  that  this  point  also  wanders 
with  target  rotation.  Mid-point  tracking  implies  the  range  extent  of  the  target  will  be  utilized  to  find  a  center  re¬ 
ference.  An  advantage  of  this  method  is  that  the  target  will  remain  in  the  window.  However,  this  method  also  causes 
a  jitter  in  the  absolute  radar  range.  One  method  which  may  possibly  be  developed  for  use  is  the  pre-computed  range 
track.  It  is  an  open  loop  type  which  depends  on  the  precision  obtained  in  determining  the  orbital  parameters  of  the 
satellite  on  previous  passes.  This  method  would  essentially  track  the  center  of  mass  of  a  target  complex  and  should 
be  the  smoothest  point,  since  it  is  the  reference  for  the  satellite  mechanics  and  rotation  is  referenced  about  it.  Here, 
too,  however,  it  is  conceivable  that  some  targets  will  not  lie  completely  in  the  window.  Range  track  acquisition  should 
occur  on  a  signal-to-noise  ratio  of  3  db  at  maximum  range.  Range  track  accuracy,  however,  is  dependent  on  the 
signal-to-noise  ratio  and  should  be  specified  in  absence  of  noise.  It  appears  that  0.1  foot  jitter  is  feasible.  Memory 
track  should  also  be  included  for  signal  fading  or  mode  transition. 

In  conclusion,  it  appears  that  the  feasibility  of  the  system  is  dependent  to  a  large  extent  on  the  signal  processor. 
Specifically,  the  signal  processor  must  have  the  capability  to  compensate  for  other  system  component  errors  and 
smearing  caused  by  propagation  and  doppler  effects.  The  degree  to  which  time  varying  errors  can  be  eliminated  is 
somewhat  uncertain ;  however,  static  errors  can  be  minimized  in  the  system  envisioned.  Additionally,  the  degree  to 
which  range  tracking  can  be  achieved  and  the  technique  used  will  substantially  affect  the  method  of  data  processing. 
Satisfactory  performance  within  the  mission  of  the  Signal  Processing  Test  Facility  is  expected, however. 


F.  DATA  HANDLING 


A  suitable  data  recording  and  playback  capability  is  absolutely  essential  to  permit  subsequent  detailed  computer 
analysis  of  the  enormous  quantities  of  data  which  will  be  gathered  on  each  satellite  pass  by  the  radar.  As  the  follow¬ 
ing  analysis  will  show,  such  recording  would  be  extremely  difficult,  if  not  impossible,  to  accomplish  when  utilizing 
analog  recording  techniques.  Fortunately,  the  signal  exhibits  a  fairly  low  duty  cycle,  permitting  the  use  of  time 
expansion/bandwidth  compression  techniques,  thus  making  digital  recording  feasible.  Such  recording  involves  real 
time  A/D  conversion  and  buffer  storage  of  the  short  burst  signal  and  time  expanded  playback  of  this  digitized  signal 
from  a  suitable  buffer  memory  at  a  rate  which  state-of-the-art  digital  recorders  can  accept.  Auxiliary  data,  such  as 
frame  identification,  time,  angle,  angle  rates,  range  and  range  rates,  etc.,  are  also  digitally  encoded  and  recorded  in  a 
time-multiplexed  manner.  Non-real  time  re-recording  of  this  data  in  a  more  compatible  complex  format  is  then  ac¬ 
complished,  when  desirable,  for  subsequent  detailed  analysis,  as  mentioned  previously. 

The  requirements  which  necessitated  the  utilization  of  such  techniques  are  tabulated  below: 

•  Instantaneous  amplitude  dynamic  range:  45  db. 

•  Absolute  amplitude  accuracy  over  the  specified  dynamic  range  aperture:  1 1/4  db. 

•  Input  signal  bandwidth:  2.5  to  3.5  MH. 

•  Absolute  phase  accuracy:  +  1  degree  out  of  360  degrees. 

•  Input  signal  format: 

•  Phase  I:  Four  separate  20-microsecond  duration  signals,  either  two  each  amplitude  and  two  each 
phase,  or  two  each  in-phase  (I)  and  quadrature  phase  (Q)  signals;  may  be  serially  multiplexed,  if 
desirable. 

•  Phase  II:  Essentially  the  same  as  Phase  I  signal,  except  that  the  time  duration  of  each  signal  is  now 
40  microseconds. 

It  should  be  noted  that  the  input  signal  format  may  consist  of  either  separate  amplitude  and  phase  signals  or  in- 
phase  and  quadrature  phase  (I  and  Q)  signals,  whichever  is  more  suitable.  I  and  Q  signals  exhibit  the  very  desirable 
potential  advantage  that  the  recording  bandwidth  per  channel  can  theoretically  be  made  half  the  coherent  input 
signal  bandwidth.  This  is  not  true  of  the  amplitude  or  phase  detected  spectra,  however,  because  such  detection  in¬ 
volves  the  process  of  autocorrelation.  The  theoretical  advantage  of  utilizing  I  and  Q  recording  may  be  difficult  to 
realize  in  this  application,  however,  because  of  the  increased  accuracy  required  of  the  individual  recording  functions 
to  achieve  the  specified  overall  accuracy,  as  compared  to  that  required  using  separate  amplitude/phase  recording. 

Even  if  the  potential  bandwidth  reduction  capability  is  not  realized,  however,  the  use  of  I  and  Q  channel  recording 
may  exhibit  other  advantages.  An  important  one  is  that  a  360-degree  capability  wideband  phase  detector  will  not  be 
required;  such  a  phase  detector  is  not  easily  fabricated  to  meet  the  stringent  requirements  of  this  application. 

Greater  RMS  phase  measurement  accuracy  may  also  be  possible,  especially  when  the  S/N  ratios  are  high. 

For  the  purposes  of  this  exercise,  full  bandwidth  recording  has  been  assumed  equivalent  to  that  required  by  an 
amplitude/phase  signal  format.  Similar  accuracies  and  dynamic  ranges  have  also  been  assumed.  If  it  is  later  determined 
that  I-  and  Q-signal  recording  is  more  desirable,  the  overall  recording  requirements  are  sufficiently  similar  to  permit 
almost  direct  substitution. 

1.  Analog  Recording  Considerations 

Initially,  it  would  appear  that  standard  analog  recording  techniques  might  be  adequate  to  meet  the  aforementioned 
requirements.  Analog  machines  with  45-db  dynamic  range  and  2.5-MHz  bandwidth  are  presently  available.  The  limit¬ 
ing  parameter,  however,  turns  out  to  be  the  ±  1/4  db  absolute  amplitude  requirement. 
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One-quarter  db  accuracy  it  another  method  of  stating  ±  3  percent  amplitude  accuracy.  Thus,  the  turn  of  any  errone¬ 
ous  Tig"«i«  contributing  to  this  error,  regardless  of  their  source,  must  not  exceed  ±  3  percent  of  the  absolute  signal 
amplitude  at  that  moment,  wherever  it  appears  within  the  specified  45  db  dynamic  range.  In  decibels,  however,  one 
signal  which  is  3  percent  of  another  is  approximately  30.5  db  less  than  the  other  signal.  Thus,  the  true  signal-to- 
error  signal  ratio,  such  errors  having  been  contributed  by  whatever  cause,  must  equal  or  exceed  30.5  db  in  order  to 
achieve  the  specified  1/4  db  accuracy. 

This  30.5  db  desired  signal-to-undesired  error  ratio  requirement  practically  eliminates  all  analog  recording 
techniques.  The  dynamic  range  of  most  analog  recorden  is  specified  from  a  one-to-one  minimum  S/N  ratio  to  the  maxi¬ 
mum  within  the  allowable  distortion  tolerances.  A  45-db  dynamic  range  under  such  circumstances  would  m  reality 
be  unusable  over  at  least  the  first  30.5  db  range  due  to  the  recorder-noise-induced  error  alone.  This  appears  to  be 
a  valid  assumption,  if  we  consider  this  noise  to  have  a  bipolar  Gaussian  distribution.  In  this  instance,  the  RMS  value 
of  such  noise  is  equal  to  the  maximum  allowable  three  percent  of  the  desired  signal,  to  achieve  the  required  1/4  db 
absolute  accuracy.  Since  the  RMS  value  of  Gaussian  noise  is  also  equal  to  the  first  sigma  value,  one  can  further  con¬ 
clude  that  the  probability  of  exceeding  the  RMS  value,  and  thus  the  1/4  db  absolute  accuracy,  is  approximately  32 
percent.  If  the  RMS  value  of  the  noise  is  made  equal  to  1.5  percent  of  the  desired  signal,  the  probability  of  exceed¬ 
ing  the  three  percent  level  is  reduced  to  approximately  five  percent.  The  minimum  required  S/N  ratio  now  increases 
to  36.5  db,  however. 

An  analog  recorder  exhibiting  a  conventionally-specified  45-db  dynamic  range,  therefore,  would  only  exhibit  a 
usable  dynamic  range  of  less  than  15  db  and  ±  1/4  db  absolute  accuracy.  This  is  obviously  unacceptable  for  this  ap¬ 
plication,  and  other  techniques  must  therefore  be  found. 

The  only  potentially-feasible,  but  not  too  practical,  analog  magnetic  recording  technique  to  achieve  the  desired 
stringent  characteristics  would  be  to  cascade  approximately  three  conventional  45-db  dynamic  range  recording 
channels.  This  technique  has  been  successfully  implemented  in  the  past  with  some  degree  of  success.  A  three-channel 
recorder  would  be  desirable,  with  each  channel  handling  only  15  db  of  the  signal  at  the  required  30  db  or  greater 
S/N  ratio  through  suitable  attenuators  and  channel  switching. 

Unfortunately,  such  three-channel  recorders  would  be  extremely  expensive  to  procure  and  operate,  since  they  are 
not  standard  at  thi-  bandwidth.  In  addition,  the  difficulties  of  achieving  the  equalization  necessary  to  maintain  the 
required!.  1/4  db  accuracy  appear  to  place  such  a  requirement  beyond  the  present  state  of  the  art.  Numerous  and 
uncontrollable  variations  in  the  magnetic  tape  quality  and  record/playback  functions,  as  well  as  other  negative  fac¬ 
tors,  resulted  in  the  decision  not  to  pursue  such  an  approach  at  this  time  where  assured  performance  is  required. 

Other  analog  techniques,  primarily  optical  recording  upon  film,  might  also  be  utilized,  but  these,  too,  unfor¬ 
tunately,  exhibit  undesirable  drawbacks  and/or  limitations.  Film  is  being  considered  as  a  possible  emergency  back¬ 
up  capability,  however,  because  it  is  theoretically  capable  of  providing  the  required  characteristics,  and  has  also  been 
previously  implemented  in  practical  configurations.  The  chief  disadvantages  of  its  use  are  the  extremely  slow  readout 
rates  and  the  possibility  of  errors  due  to  film  shrinkage,  if  not  properly  compensated.  Readout  is  presently  accom¬ 
plished  by  optical  scanners  at  such  a  slow  rate  that  even  a  relatively  modest  amount  of  data  would  require  excessively 
long  readout  time,  making  it  extremely  undesirable  except  under  emergency  conditions.  The  necessity  to  continuously 
recalibrate  in  order  to  compensate  for  film  distortion  slows  the  process  even  more.  If  linear  processing  is  used,  a 
resolution  of  one  part  in  5700  total  linear  amplitude  levels  would  be  required.  This  is  obviously  not  easily  accom¬ 
plished. 

In  all  the  aforementioned  techniques,  only  linear  recording  has  been  considered.  Would  the  application  of  logar¬ 
ithmic  recording  techniques  have  any  advantages?  Analysis  indicates  that  they  would  indeed  be  useful  if  the  record/ 
playback  characteristics  are  sufficiently  linear  and  stable.  Tne  basic  technique  involves  pre-conversion  of  the  linear 
analog  signal  to  a  logarithmic  function,  and  the  equating  of  the  recorder’s  error  signals  (due  to  noise,  instability,  non¬ 
linearity,  etc.)  to  the  variation  in  the  logarithmic  function  commensurate  with  the  al> enable  error. 
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Consular  the  appUcation  of  such  a  technique  to  the  previously  described  4Mb  linear  anaio|  recorder.  The  mini¬ 
mum  RMS  signal  to  RMS  “noise”  amplitude  ratio  is  expressed  by  the  antilog  of  (45  db/20),  which  is  178  to  1.  Each 
resolution  cell  will  now  be  directly  related  to  a  constant  percentage  power  increase  in  a  logarithmic  system.  Let  this 
value  be  one-quarter  decibel  per  resolution  cell.  The  total  dynamic  range  will  then  be  178  cells  x  1/4  db  per  cell,  or 
44.S  db.  This  just  meets  our  requirement.  Unfortunately,  the  linear  dynamic  gain/amplitude  characteristics  of  an 
analog  recorder  can  easily  vary  uncontrollably  by  I  db  or  more.  This,  in  turn,  represents  a  linear  error  of  approxi¬ 
mately  1 1  percent  in  amplitude  which  transforms  to  a  minimum  error  of  1 1  percent  of  44.5  db  in  the  aforemen¬ 
tioned  logarithmic  configuration,  or  4.9  db  error.  Such  an  error  is  obviously  untenable  in  the  present  application. 
Thus,  this  particular  technique,  although  somewhat  promising,  does  not  appear  to  offer  the  required  accuracy  and 
reliability  for  this  application  without  further  development. 

2.  Digital  Recording  Considerations 

This  brings  us  to  the  possible  utilization  of  digital  techniques  with  appropriate  A/D  and  D/A  conversion.  The 
following  material  describes  techniques  which  surmount  these  previously  mentioned  problems  and  discusses  additional 
problems  which  are  encountered  and  their  solutions. 

The  most  severe  problem  area  encountered  in  the  digital  approach  centers  about  the  A/D  converter.  Unfortunately, 
the  state  of  the  art  of  such  converters  does  not  permit  one  to  achieve  the  desired  instrumentation  capability  directly 
or  easily.  Five  basic,  inter-related  parameters  complicate  the  problem.  These  are:  (a)  the  analog  sampling  rate, 

(b)  the  sampling  aperture  characteristics,  (c)  anal og-to-b inary  conversion  rate,  (d)  the  total  number  of  available  binary 
levels,  and  (e)  the  overall  accuracy. 

The  A/D  sampling/conversion  rate  is  extremely  important  since  the  digital  recording  of  analog  signals  necessitates 
the  use  of  sampling  techniques,  and  thus  must  meet  the  necessary  sampling  criteria.  An  effective  rate  of  10  MHz, 
approximately  three  to  four  times  the  nominally  anticipated  signal  bandwidth,  was  selected  after  careful  study,  even 
though  it  severely  strains  the  capability  of  existing  state-of-the-art  A/D  converters.  This  might  at  first  appear  to  be 
excessive,  since  sampling  theory  indicates  the  minimum  rate  to  avoid  ambiguous  response  need  not  exceed  twice 
that  of  the  maximum  spectral  components  of  importance.  Practical  considerations,  however,  indicate  a  higher  rate 
to  be  very  desirable,  if  not  necesa.-v. 

First,  the  effective  spectrum  of  the  signal  to  be  recorded  may  ultimately  exceed  the  previously  stated  2.5  MHz 
since  the  signal  processor  design  is  not  finalized.  Second,  some  bandwidth  expansion  is  also  anticipated  as  the  result 
of  taking  only  a  limited  number  of  samples  preceding  and  following  the  main  signal  block.  Third,  the  use  of  a  sampl¬ 
ing  rate  which  exceeds  the  minimum  value  previously  stated  simplifies  the  construction  of  a  practical  sampled 
signal-to-analog  signal  reconstruction  filter.  The  reason  for  this  lies  in  the  difficulty  of  achieving  the  required  rate  of 
change  from  bandpass  rejection  in  the  filter  as  the  sampling  rate  approaches  the  minimally  allowable  two  to  one 
ratio,  and  this  allowable  aperture  approaches  zero.  A  higher  sampling  rate,  therefore,  can  greatly  simplify  the  design 
of  a  practical  filter  for  this  application. 

As  previously  stated,  however,  the  instrumentation  problem  is  further  complicated  by  the  unfortunate  fact  that 
10  MHz  sampling  rate  A/D  converters  are  not  state  of  the  art  in  the  bit  capacity  and  accuracy  required  to  process 
the  signal  as  required  in  a  linear  manner.  Five-MHz  rate,  eight-bit  resolution  and  potentially  eight-bit  accuracy  con¬ 
verters  are  presently  available  commercially.  Since  eight  binary  “bits”  can  express  256  levels,  this  corresponds  to  a 
dynamic  range  of  48  db  in  a  linear  system,  assuming  a  one-to-one  desired  signal  to  sampling  error  signal  ratio  at  the 
lower  limit.  Since  less  than  1 3  percent  amplitude  error  can  be  tolerated  to  achieve  the  required  ±  1/4  db  accuracy, 
however,  at  least  33  of  the  available  equivalued  levels  must  be  used  to  establish  the  sampling  error  at  the  minimum 
anticipated  signal  level.  For  higher  amplitude  signal  levels,  the  fixed  increment  amplitude  sampling  error  represents 
a  diminishing  percentage  of  the  overall  signal,  and  its  effect,  therefore,  diminishes  correspondingly,  becoming  less 
important. 


In  order  to  establish  the  accuracy  of  one  part  in  33,  however,  using  binary  coding,  slightly  more  than  five  bits  are 
required.  Thu*.,  if  a  total  of  only  eight  bits  are  available,  assuming  linear  processing  and  equivalued  levels,  only  three 
bits  are  available  to  provide  a  maximum  dynamic  range  of  18  db,  commensurate  with  the  desired  1/4  db  accuracy. 
Such  a  limited  dynamic  range  is  not  acceptable  in  this  instance. 

A  possible  method  of  circumventing  this  difficulty  is  to  provide  an  amplitude  sampling  aperture  whose  petcent 
error  is  a  fixed  value  relative  to  the  absolute  level  being  sampled.  Fewer  discrete  levels  are  consequently  required  to 
achieve  both  the  desired  accuracy  and  dynamic  range  for  any  given  sample.  One  can  easily  demonstrate  that  the 
amplitude  aperture  is  logarithmically  related  to  the  absolute  sampling  level  with  such  a  technique. 

The  logarithmic  characteristic  can  be  achieved  by  at  least  three  basic  means.  The  first  is  to  develop  an  A/D  con¬ 
verter  with  logarithmically  spaced  amplitude  apertures.  Although  this  is  theoretically  feasible,  the  technique  is  not 
presently  available,  requiring  additional  development.  This  uncertainty,  plus  the  state-of-the-art  availability  of  other 
techniques,  makes  such  an  approach  appear  to  be  undesirable  at  this  time. 

The  more  practical  approach  presently  appears  to  be  the  utilization  of  state-of-the-art  analog  techniques  to  derive 
the  logarithmic  function.  One  method  involves  the  use  of  non-linear  devices  to  derive  the  exact,  or  nearly  exact  func¬ 
tion.  Another  method  approximates  the  logarithmic  function  with  successive  linear  functions,  utilizing  suitable  ampli¬ 
tude  switching.  At  present,  the  successive  approximation  technique  appears  to  be  the  most  feasible  for  the  dynamic 
range  and  accuracy  required,  but  this  does  not  necessarily  rule  out  the  use  of  carefully  selected  non-linear  devices. 

To  achieve  thei  1/4  db  absolute  accuracy  requirement,  each  linear  segment  can  cover  an  amplitude  range  of  ap¬ 
proximately  -  83%  to  +  120%  of  a  nominal  value.  This  corresponds  to  approximately  3  db  dynamic  range  per  section. 
A  minimum  of  at  least  IS  sections  would  therefore  be  required  to  cover  the  total  of  45  db  dynamic  range  require¬ 
ment. 

The  aforementioned  calculations  are  somewhat  optimistic,  however,  because  they  attribute  all  of  the  allowable 
+  1/4  db  accuracy  to  the  logging  function.  In  practice,  the  A/D  converter  will  also  introduce  appreciable  errors, 
primarily  as  the  result  of  finite  amplitude  sampling  apertures.  If  one  more  realistically  divides  the  errors  equally  be¬ 
tween  the  logging  and  A/D  conversion  process,  the  logging  error  now  reduces  to  ±  J  /8  db  error.  The  number  of  linear 
stages  required  to  synthesize  a  45  db  dynamic  range  logarithmic  characteristic  now  doubles  to  a  total  of  30  instead 
of  15  fori  1/4  db  accuracy.  The  practicability  of  such  a  design  is  somewhat  questionable. 

When  the  analog  input  signal  is  logarithmically  converted  before  encoding,  each  equivalue  linear  amplitude  sampl¬ 
ing  aperture  subsequently  represents  a  fixed  logarithmic  increment.  Since  an  eight-b: .  binary  cod  represents  256 
linear  amplitude  increments,  the  45-db  dynamic  range  can  be  uniformly  divided  .io»s  the  total  aperture,  resulting 
in  an  accuracy  of  (45  db/256  levels)  or  0. 1 76  db  per  level.  If  the  error-per-sampte  does  not  exceed  one  level,  the 
corresponding  maximum  error  due  to  this  effect  cannot  exceed  0.176  db. 

The  fact  that  the  amplitude  sampling  error  in  a  logarithmic  system  of  the  type  described  remains  a  fixed  percentage 
of  the  absolute  signal  level  being  sampled  raises  the  question  of  whether  the  reconstructed  analog  signal  may  be  ad¬ 
versely  affected.  The  analysis  of  this  potential  degradation  can  be  simplified  by  the  assumption  that  the  actual  sam¬ 
pling  function  is  the  sum  of  two  synchronous  sampling  functions;  one  is  exact,  the  other  contains  only  the  error.  The 
effect  of  the  error  function  can  then  be  quantitatively  evaluated  by  the  summation  of  the  corresponding  impulse 
response  o:  the  reconstruction  filter  to  these  error  samples  superimposed  upon  its  response  to  the  exact  function. 

Linear  expansion  of  the  logarithmically  compressed  signal  must  be  accomplished  before  the  reconstruction  process, 
however.  Since  the  logarithmically-compressed  signal  is  already  digitized,  a  computer  operation  appears  to  be  the 
most  logical  expansion  method.  Unfortunately,  it  will  do  nothing '  o  correct  any  errors  associated  with  the  signal. 


It  is  well  known  that  the  optimum  time  weighting  function  for  each  sample  of  a  sampled  signal  to  affect  distor¬ 
tionless  reconstruction  exhibits  a  Sin  X/X  characteristic  having  its  zeroes  at  multiples  of  the  sampling  rate.  If  such  an 
optimum  function  is  used,  it  is  immediately  apparent  that  the  reconstructed  signal  amplitude  should  be  equivalent  to 
the  sample  amplitudes  at  those  periods  of  time  coinciding  with  each  sample.  If  the  previously  mentioned  sampling 
error  of  ±  1/4  db  is  not  exceeded,  the  reconstructed  signal  accuracy  should  therefore  be  acceptable  at  least  at  these 
periods  of  time.  One  is  not  only  interested  in  accuracy  at  a  point,  however.  The  next  very  important  question, 
therefore,  centers  about  the  accuracy  of  the  reconstructed  signal  at  all  times  other  than  the  sampling  times. 

Since  the  signal  is  reconstructed  by  the  process  of  summing  the  time-weighted,  time  displaced  samples,  it  is  ap¬ 
parent  that  temporal  weighting  sidelob'rs  generated  by  errors  may  cause  reconstructed  signal  errors  at  other  periods 
of  time.  One  can  further  conclude  that  the  absolute  signal  error  is  proportional  to  the  absolute  signal  magnitude 
for  a  fixed  relative  error.  As  a  result,  the  absolute  error  associated  with  the  temporal  sidelobes  of  the  reconstruction 
weighting  function  is  similarly  related.  This  leads  to  the  immediate  conclusion  that  the  weighting  sidelobes  of  the 
strong  error  signals  pose  the  greatest  threat  to  weak  signals.  This  problem  sounds  very  familiar,  since  pulse  com¬ 
pression  signal  processing  gives  rise  to  the  same  undesirable  phenomena. 

For  example,  if  one  assumes  the  temporal  resolution  crpabilny  of  the  time-expanded  pulse  compression  signal 
to  be  0.6  microsecond,  and  the  sampling  rate  is  ten  MHz  the  attenuation  characteristic  of  the  optimum  Sin  X/X 
reconstruction  function  will  be: 


corresponding  to  -2S.S  db.  Since  signals  of  45-db  dynamic  range  are  of  interest,  it  is  quite  apparent  that  strong  signal 
sidelobes  can  far  exceed  the  desired  small  signal  in  such  instances. 

Fortunately,  however,  it  is  only  the  error  component  which  is  of  interest  in  this  instance.  If  this  error  does  not 
exceed!  1/4  db,  its  relative  magnitude  will  not  exceed ±  3  percent  of  the  true  signal.  This,  in  turn,  represents  an 
error  signal  which  is  at  least  -30.S  db  less  than  the  true  signal.  When  this  error  value  is  additionally  weighted  by  the 
temporal  sidelobes,  the  resultant  error  level  coincident  with  the  adjacent  signal  resolution  cell  is  now  (-25.5  db)  + 

(-30.5  db)  = -56.0  db. 

This  overall  induced  error  level  is  good,  but  not  good  enough  to  provide  the  desired  45-db  dynamic  range.  A  weaker, 
adjacent  signal  must  be  stronger  than  (-56.0  db  +  30.5  db)  or  -25.5  db  relative  to  the  stronger  signal  in  order  to  pre¬ 
vent  a  1/4  db  strong  signal  error  from  inducing  a  similar  error  in  the  smaller  signal  as  a  result  of  the  temporal  side¬ 
lobes  associated  with  the  signal  reconstruction  function. 

This,  in  reality,  potentially  limits  the  adjacent  signal  dynairiic range  to  25.5  db  unless  corrective  measures  can  be 
taken.  Fortunately,  if  the  weighting  is  accomplished  by  a  computer,  a  suitable  correction  should  be  possible  to  ef¬ 
fectively  negate  this  source  of  error.  The  success  of  this  technique  is  predicated  upon  the  assumption  that  (a)  the 
sampled  values  represent  the  true  signal  values  (excluding  basic  logging  and  A/D  conversion  errors)  from  which  a 
correction  signal  can  be  derived  and  (b)  the  correction  signal  is  essentially  a  sinusoid. 

The  latter  assumption  should  be  reasonably  correct,  since,  for  weighting  filter  fr  values  of  six  as  previously  cal¬ 
culated,  the  attenuation  varies  less  than  2.5  percent  as  fr  varies  from  6  to  7,  for  example.  (This  parameter  could  also 
be  corrected,  however,  if  it  is  later  considered  to  be  necessary.)  This,  in  effect,  makes  the  temporal  sidelobe  response 
for  fr  values  of  six  or  greater  essentially  a  sinusoid. 
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Computer  weighting,  is  therefore  considered  to  be  essential  to  obtain  the  desired  overall  reconstruction  accuracy 
over  the  specified  45  db  dynamic  range. 

The  use  of  a  computer  is  also  dictated  for  additional  reasons.  An  exceedingly  important  one  is  the  ability  to  synthe¬ 
size  a  perfect  reconstruction  filter  characteristic  without  amplitude  or  phase  distortion.  Such  distortion,  almost  im¬ 
possible  to  escape  if  a  practical  analog  filter  were  utilized,  could  introduce  paired  echo  distortion  of  sufficient  magni¬ 
tude  to  seriously  affect  the  aforementioned  dynamic  range/absolute  accuracy  capability. 

In  addition,  a  computer  provides  the  means  to  correct  adverse  gating  modulation  characteristics  which  may  other¬ 
wise  generate  serious  error  signals  during  reconstruction.  This  potentially  serious  problem  will  be  minimized  by 
(a)  additional  sampling  for  ten  percent  of  the  normal  gate  width  immediately  preceding  and  proceeding  the  gate 
and  (b)  the  introduction  of  additional  correction/weighting  signals  into  the  computer  generated  signal  reconstruction 
process. 

The  previous  brief  discussion  has  demonstrated  that  the  sampled  signal  can  be  reconstructed  into  its  original  ana¬ 
log  form  with  the  desired  dynamic  range  and  absolute  accuracy  if  the  sampled  values  exhibit  similar  characteristics. 

It  has  also  been  pointed  out  that  the  two  main  sources  of  sampled  signal  error  in  a  practical  system  are  the  logging 
and  A/I)  conversion  functions.  The  A/D  converter  requirements  and  problems  are  now  discussed  in  more  detail 
below. 

Theoretically,  the  sampling  function  should  approximate  an  impulse  function,  but  this  is  impossible.  The  most 
usual  implementation  of  such  circuits  is  a  gated  capacitor  holding  circuit  with  appropriate  charging  feedback.  As  the 
sample  time  decreases,  especially  in  the  nanosecond  region,  it  becomes  increasingly  more  difficult  to  implement 
practical  circuits.  Gating  impedances  ultimately  approach  impossibly  low  “on”  values  and  infinitely  high  “off’  im¬ 
pedances  in  order  to  achieve  the  required  capacitor  charging  accuracy.  For  one  percent  sampling  accuracy  before 
integration,  nanosecond  apertures  or  less  are  desirable  for  this  application. 

High  speed  A/D  conversion  as  described  herein  requires  the  use  of  an  analog  signal  sample  and  hold  function.  This 
can  be  a  source  of  sciious  error. 

If  one  can  assume  that  the  gating  function  associated  with  the  sampling  aperture  approaches  a  square  wave  func¬ 
tion  with  appropriate  transfer  and  non-transfer  impedances  and  the  gate  is  followed  by  an  appropriate  integrator, 
such  as  a  lov.  pass  filter,  it  may  be  possible  to  achieve  the  desired  absolute  sampling  accuracy  without  the  require¬ 
ment  for  excessively  small  sampling  apertures.  A  theoretically  perfect  sampling  aperture  of  approximately  10  nano¬ 
seconds  followed  by  a  suitable  integrator  should  be  adequate  to  achieve  a  one  percent  amplitude  sampling  accuracy. 
Twenty-five  nanosecond  apertures  with  this  degree  of  accuracy  are  available  today  on  commercial  5  MHz  sampling 
rate,  eight-bit  A/D  converters,  but,  unfortunately,  this  accuracy  cannot  be  achieved  with  signal  bandwidths  much 
beyond  1  MHz.  Nanosecond  and  sub-nanosecond  samplers  are  also  available,  primarily  as  part  of  sampling  oscil¬ 
loscopes,  but  their  accuracy  may  exceed  five  percent.  It  is  believed  that,  for  use  with  a  suitable  integrator,  a  feasible 
sampling  aperture  will  consist  of  a  five  to  ten-nanosecond  effective  width,  when  sampling  2.5  MHz  bandwidth  analog 
signals. 

The  error  introduced  by  the  analog  sampling  function  can  be  analyzed  in  a  manner  similar  to  the  analysis  of 
quantizing  level  error.  Since  a  three  percent  amplitude  error  represents  1/4  decibel  error,  the  achievement  of  a  one 
percent  absolute  sampling  error  should  keep  the  degradation  from  this  particular  source  well  within  limits.  Since 
the  two  sampling  functions  are  cascaded  (sample  and  hold,  and  A/D  conversion),  their  corresponding  errors  can  be 
cumulative,  although  in  practice,  they  may  tend  to  complement  and  counteract  one  another.  The  design  objective 
is  to  keep  the  cascaded  peak  error  of  the  two  sampling  functions  below  the  +  three  percent  value  commensurate 
with  the  +  1/4  db  overall  accuracy. 


The  previoui  material  has  concentrated  on  those  areas  which  may  cause  the  greatest  difficulties.  The  rest  of  the 
system  will  now  be  described  more  generally,  since  it  primarily  embodies  proven  digital  techniques. 

As  previously  stated,  the  required  5  MHz,  eight-bit  A/D  converters  are  commercially  available.  These  utilize  signal 
delay  techniques  to  serially  accomplish  the  digitizing  action,  beginning  with  the  most  significant  bit.  Modified  input 
sample  and  hold  circuits  will  most  likely  be  required,  and  additional  modifications,  such  as  improved  reference  sig¬ 
nal  stabilization,  may  be  required  to  achieve  the  desired  accuracy.  Two  of  these  units  will  be  time  multiplexed  to 
provide  the  required  equivalent  sampling  rate  of  10  MHz.  Their  individual  output  will  appear  on  appropriate  buffer 
registers  supplied  with  the  basic  instrument. 

If  separate  amplitude  and  phase  signals  are  to  be  recorded  from  the  cross-polarized  receiver  channels,  four  sub¬ 
blocks  of  data  are  involved.  The  data  length  of  each  sub-block  will  be  a  minimum  of  20  microseconds  with  the  250 
MHz  system  and  40  microseconds  with  the  500  MHz  system.  The  most  likely  form  of  processing  is  to  serially  multi¬ 
plex  these  analog  signals  through  suitable  delay  media,  leaving  an  appropriate  space  between  each  sub-block.  If  we 
allow  a  five-microsecond  buffer  on  each  end  of  each  data  sub-block  of  the  250  MHz  bandwidth  signal  for  weighting 
control,  and  separate  each  sub-block  plus  its  buffer  zone  bv  an  additional  1 0  microseconds,  the  result  will  be  a  150- 
microsecond  time  duration  overall  data  block.  Similarly,  the  500  MHz  signal  will  have  an  overall  data  block  of  230 
microseconds. 

The  digital  buffer  memory/time  expander  must  accept  the  digitally  encoded  data  contained  in  the  data  blocks  at 
an  effective  10  MHz  rate.  This  poses  an  instrumentation  problem,  since  the  nominal  read-in  rate  of  various  practical 
memory  devices  does  not  match  this  rate.  Except  for  active  flip-flop  type  circuitry,  the  average  read-in  rate  of  most 
other,  less  expensive,  and  small  memory  devices  is  approximately  one  microsecond  per  bit,  although  a  large  number 
of  bits  may  be  recorded  in  parallel.  The  possible  exception  to  this  may  be  the  thin  film  technique  which  may  exhibit 
a  faster  rate,  if  properly  implemented. 

Since  a  memory  of  at  least  2000,  eight-bit  words  will  be  required  to  handle  only  the  high  resolution  data,  the  use 
of  active  shift  register  techniques,  while  feasible,  does  not  appear  to  be  very  feasible  in  cost,  complexity,  reliability 
or  size.  Cores,  on  the  other  hand,  are  reasonably  Inexpensive  and  reliable.  Two  approaches  can  be  used  independently 
or  together  to  meet  the  required  read-in  rate  requirements.  The  first  approach  is  to  sequentially  multiplex  10  separate 
eight-bit  word  core  memories,  which  although  feasible,  is  not  very  practical.  The  second  approach  is  to  reformat  the 
sampled  output  from  the  A/D  converters  into  larger  words,  which  can  be  read  out  in  parallel  format  at  a  slower  rate 
into  a  larger  size  memory.  To  reduce  the  10  MHz  A/D  converter  output  rate  to  one  MHz  would  require  the  format¬ 
ting  of  at  least  an  80-bit  word.  This  is  impractical.  If  the  memory  is  split  in  half,  however,  with  each  taking  a  40-bit 
word  at  the  one  MHz  rate,  a  realizable  capability  should  be  achievable. 

Thus,  a  practical  method  of  implementation  would  involve  the  use  of  two  multiplexed  buffer  core  memories, 
each  capable  of  storing  200  40-bit  words.  Operating  at  a  5-MHz  read-in  rate,  an  active  register  would  most  likely  be 
used  to  reformat  the  output  of  each  A/D  converter  to  generate  the  one  MHz  rate,  40-bit  word.  A  small  increase  in 
word  size  would  also  be  desirable  to  permit  parity  checking  and  should  pose  no  additional  problems.  All  operations 
would  be  suitably  synchronized  and  multiplexed  by  the  use  of  standard  techniques. 

A  somewhat  more  expensive,  but  more  practical,  buffer  memory  might  be  implemented  using  four  separate  core 
memories.  This  would  reduce  the  required  input  read-in  rate,  after  multiplexing  to  0.5  MHz  which  is  well  within  the 
state  of  the  art.  Approximately  170  24-bit  words  would  be  required,  not  including  any  extra  capability  for  parity 
checking,  which  is  quite  reasonable. 

Provisions  must  then  be  made  to  read  out  the  buffered  data  at  a  time  expanded,  reduced  bit  rate  compatible  with 
the  digital  recording  capability.  Since  the  basic  radar  PRF  is  70  per  second,  the  overall  interpulse  time  is  approxi¬ 
mately  14,286  microseconds.  Of  this  period,  up  to  150  microseconds  will  be  occupied  with  the  gathering  of 
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approximately  1200  eight-bit  samples  at  the  10  MHz  rate,,  for  the  250  MHz  radar  signal  bandwidth.  C  orrespondingly, 
for  the  500  MHz  radar  signal  bandwidth  case,  up  to  230  microseconds  will  be  occupied  with  gathering  its  2000  samples. 
If  we  round  off  the  data  gathering  period  to  286  microseconds,  we  are  left  with  14  milliseconds  per  pulse  repetition 
period  in  which  to  play  back  the  digitally  encoded  signal  from  the  buffer  memory  at  a  reduced  rate  suitable  for  re¬ 
cording  upon  magnetic  tape. 

Assuming  each  sampled  eight-bit  signal  is  consecutively  read  out  of  the  buffer  for  direct  recording,  the  required 
readout/ record  rate  for  the  250-MHz  radar  signal  will  be  70,000  words  per  second,  and  140,000  words-pcr-second 
for  the  longer  duration,  500-MHz  radar  signal.  The  lower  rate  can  easily  be  recorded  by  commercially  available 
digital  recorders,  which,  at  a  packing  density  of  800  bits  per  inch  and  a  tape  speed  of  120  inches  per  second,  are 
capable  of  recording  96,000  bits  per  second  per  recording  channel.  Recording  of  the  other  signal  using  this  method 
would  require  the  multiplexing  of  two  recorders  or  at  least  double  the  previously  stated  tape  speed  of  a  single  machine. 
The  use  of  two  machines,  although  not  impossible,  would  generate  serious  synchronization  problems.  Higher  tape 
speed  machines  are  feasible,  but  are  not  off-the-shelf  items. 

A  logical  approach  appears  to  be  the  simultaneous  recording  of  two  eight-bit  words,  on  a  16-parallel  channel 
machine  after  suitable  reformatting.  This  lowers  the  required  recording  data  rates  to  one  half  of  their  former  values, 
namely,  35  kilobits  per  second  and  70  kilobits  per  second.  Such  recorders  are  commercially  available.  Since  the 
two  eight-bit  words  will  potentially  consume  all  of  the  available  channels  transversely  on  tape,  parity  checking  might 
practically  be  accomplished  in  the  longitudinal  dimensional.  A  suitable  shift  register  will  be  necessary  to  provide  the 
proper  reformatting  and  interim  buffer  storage  after  core  memory  readout  so  that  it  can  be  properly  recorded. 

Since  important  auxiliary  data  must  also  be  recorded,  along  with  the  desired  signal  for  each  PRF  (i.e.,  frame 
number,  range,  angle,  radiated  power,  noise  figure,  AGC  setting,  etc.),  the  recording  rate  and  total  density  will  of 
necessity  exceed  the  values  quoted  above  for  the  signal  alone.  In  addition  to  tape  identification  and  satellite  catalog 
number,  the  individual  requirements  are  tabulated  below. 


AUXILIARY  DATA  REQUIREMENTS 

FUNCTION 

INCREMENT 

TOTAL  UNITS 

NO.  BITS 

Frame  Identity 

1  Frame 

126,000  Max  Frames 

17 

Absolute  Range 

1  ft.  accuracy 
over  400  miles 

2.1 12  million 

21 

Azimuth  Angle 

0.0014° 

0-360° 

18 

Elevation  Angle 

0.0014° 

0-90° 

16 

Radiated  Power 

0.1  db 

6  db 

6 

Receiver  Input  Atten. 

live  steps 

40  db 

3 

Receiver  Noise  Fig. 

0.1  db 

10  db 

7 

Absolute  Time 

1  usee 

24  hrs  (86.5  billion  usees) 

37 

Day  of  Year 

one  day 

365 (+1) 

9 

The  aforementioned  data  is  quite  significant  in  importance  and  quantity,  but,  unfortunately,  all  but  the  last  four 
should  be  recorded  again  with  every  new  frame  of  signal  data.  (The  necessity  for  continuously  recording  such  data 
as  noise  figure  and  transmitter  power  with  every  frame  may  be  questionable  and  can  stand  further  examination.)  This 
adds  complexity  to  the  recording  process,  but,  fortunately,  does  not  require  much  space  on  the  recording  tape  rela¬ 
tive  to  the  signal  data.  As  a  result,  the  required  recording  rate  including  this  data  is  not  much  more  than  for  the  sig¬ 
nal  data  alone.  Preliminary  calculations  indicate,  for  example,  that  the  frame  rate  auxiliary  data  could  be  formatted 
to  occupy  12  longitudinal  cells  or  lines  per  frame  of  a  16-parallel  channel  tape.  Since  the  signal  data  will  occupy  1000 
longitudinal  cells  per  frame,  this  represents  an  increase  of  only  1 .2  percent.  Even  if  we  assumed  a  boundary  limit  re¬ 
quirement  of  20  longitudinal  lines  per  frame,  this  additional  two-percent  requirement  in  the  number  of  lines  would 
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increase  the  maximum  recording  rate  per  channel  from  70  kilobits  per  second  to  71.4  kilobits  per  second,  a 
very  small  and  tolerable  increase. 

Suitable  buffer  registers  will  be  required  to  stcve  and  feed  the  auxiliary  data  to  the  tape  recorder,  as  required. 

Whether  there  may  be  advantages  in  multiplexing  various  buffering  processes  has  not  yet  been  evaluated.  If  the  data 
can  be  serially  multiplexed  in  the  core  buffer  memory/time  expander  play  back,  it  would  appear  that  the  multiplexing 
might  be  both  feasible  and  desirable.  Additional  control  circuitry  will  be  necessary,  of  course, to  provide  all  of  the  re¬ 
quired  functions  implicit  with  the  auxiliary  data  recording  function. 

It  is  apparent  at  this  time  that  the  recording  function,  while  not  easy,  is  within  the  present  state  of  the  art.  Suf¬ 
ficient  reserve  capability  should  exist  to  permit  required  parity  checking  and  reliable  operation.  Two  suitably  multi¬ 
plexed  machines  will  be  required  to  permit  continuous  recording,  since  the  120  inches-per-second  rate  or  10  feet- 
per-second,  only  permits  approximately  two  and  a  half  minutes  of  total  recording  per  1500  feet.  The  operator  will 
of  necessity  find  a  majority  of  his  time  taken  up  with  the  changing  of  tape  reels  during  actual  satellite  tracking  and 
data  gathering  runs.  Suitable  automatic  equipment  will  also  be  required  to  bring  the  standby  machine  up  to  speed 
and  on-line  as  required. 

The  final  item  of  discussion  concerns  whether  the  data,  as  recorded,  can  be  directly  used  without  reformatting  or 
additional  processing  for  computer  reduction  and  analysis.  This  problem,  although  not  serious,  has  yet  to  be  resolved.  % 

Present  phns  include  on  site,  offline  re-recording  the  signal  in  IBM  format.  This  will  require  another  machine  and 
suitable  reformatting  and  control  capability.  In  addition,  since  the  relative  packing  density  per  unit  length  of  mag¬ 
netic  tape  will  have  been  more  than  halved  because  of  the  reduced  number  of  parallel  channels,  it  will  also  require 
at  least  twice  the  original  length  of  tape  to  accomplish.  Where  9000  feet  would  suffice  for  15  minutes  of  the  16- 
channel  recording,  over  18,000  feet  will  be  required  for  the  reformatted  computer  compatible  tape  as  now  con¬ 
templated.  This  can  obviously  consume  great  quantities  of  tape,  if  data  is  gathered  on  a  number  of  satellite  passages 
and  a  permanent  or  semi-permanent  record  is  desired. 

In  conclusion,  a  technique  has  been  described  which  should  be  capable  of  recording  the  data  derived  by  an  ex¬ 
tremely  high  resolution  radar  with  a  high  degree  of  accuracy  ,*er  an  extended  dynanic  range.  Such  a  capability  un¬ 
fortunately  is  not  commercially  available  today  as  a  packaged  unit,  but  the  basic  techniques  required  to  fabricate 
it  fortunately  do  exist.  Although  implementation  problems  are  involved,  there  is  no  reason  to  believe  that  they 
cannot  be  surmounted.  Perhaps  with  the  development  and  fabrication  of  this  initial  unit,  coupled  with  a  growing 
requirement  for  such  a  recording  capability,  industry  will  meet  the  challenge  to  make  similar,  if  not  improved, 
capability  units  commercially  available. 

G.  SERVO  SYSTEM 

The  controlled  movement  of  the  radar  antenna,  as  required  in  both  azimuth  and  elevation  for  satellite  acquisition 
and  tracking,  is  presently  accomplished  by  a  servo  system  employing  electronically  controlled  hydraulic  motors. 

Two  such  motors  are  used  in  a  back-to-back  or  opposing  torque  configuration  to  provide  anti-backlash  movement 
in  each  dimension.  Primary  hydraulic  power  is  provided  by  an  electrically  driven,  constant  pressure,  variable  dis¬ 
placement  pump  operating  in  conjunction  with  various  accumulators  to  provide  an  essentially  constant  pressure, 
variable  rate,  low  loss  source  of  hydraulic  lluid.  Extensive  fluid  filtering  is  utilized  to  remove  foreign  contaminants. 

Fluid  flow  into  the  motors  is  controlled  by  magnetically  energized  valves  driven  by  appropriately  compensated 
electronic  amplifiers  to  provide  a  type  II  servo  system.  Negative  velocity  feedback  is  used  to  generate  a  synthetic 
damping  constant  for  stability.  Various  analog  and  digital  angle  readout  devices  are  also  provided  to  generate  ap¬ 
propriate  reference  and  control  signals.  A  number  of  driving  or  error  input  signals  may  be  used,  including  those 
derived  from  synchros,  digital  equipment,  and  monopulse  antenna  techniques.  Manual  “slewing"  is  also  possible. 
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The  ability  of  the  servo  system  to  achieve  the  required  pointing  angles,  rates,  accelerations  and  accuracies  described 
herein  and  in  Appendix  B  is  absolutely  essential  to  permit  the  accomplishment  of  the  mission.  The  ultimate  objective 
of  the  servo  system  investigation,  therefore,  is  to  quantitatively  evaluate  the  present  capability  and,  if  deficient  in 
terms  of  the  new  requirements,  to  delineate  a  design  configuration  which  is  acceptable.  For  a  number  of  reasons, 
however,  the  investigation  to  date  has  been  quite  limited. 

The  qualitative  conclusions  of  this  brief  study  can  be  summarized  as  follows: 

(a)  The  basic  electro-hydraulic  drive  system  as  now  implemented  can  achieve  the  required  maximum  and  minimum 
angular  velocities  and  accelerations  in  open  loop  operation. 

(b)  Additional  investigation  is  necessary  to  adequately  determine  the  quantitative  transfer  functions  of  the  basic 
electro-hydraulic  drive  system  in  order  to  definitely  conclude  whether  or  not  the  desired  characteristics  can  be 
achieved  in  closed  loop  operation. 

(c)  Manufacturer’s  design  data  indicates  that  the  strength  of  the  present  bearings  and  gears  may  not  be  adequate 
to  provide  optimum  life  when  subjected  to  the  anticipated  velocities  and  accelerations.  Additional  investigation  is 
therefore  necessary. 

(d)  The  basic  closed  loop  servo  control  electronics  will  most  likely  require  redesign  to  provide  a  more  stable, 
type  II  zero  velocity  error  capability.  This  is  considered  to  be  a  minor  modification. 

(e)  The  digital  controller  and  its  ancillary  equipment  must  be  redesigned  or  retrofitted.  The  objective  is  to  in¬ 
crease  its  readout  rate  by  a  sufficient  factor  to  negate  the  present  sampling  rate  errors  which  will  otherwise  make  it 
unacceptable  for  use  in  the  planned  configuration.  A  modest  modification  is  anticipated. 

The  desired  servo  directing  characteristics  can  be  summarized  as  follows  for  the  specific  functions  indicated. 

a.  Long  Range  Acquisition  Involving  “Cross  Track”  Error  Scanning  only  at  a  Fixed  Range. 

The  basic  scanning  method  will  be  the  use  of  a  circular  or  one  dimensional  sinusoidal  scan.  The  maximum 
angular  deviation  in  one  dimension  will  approximate  0.2  degrees.  To  achieve  a  high  data  replenishment  rate,  a  maxi¬ 
mum  sinusoidally  varying  acceleration  of  four  degrees  per  second  squared  is  anticipated  in  either  dimension  with  a 
maximum  angular  velocity  of  approximately  0.60  degrees  per  second. 

b.  Medium  Range  Acquisition  Involving  Error  Volume  F  canning. 

The  basic  scanning  method  will  be  the  use  of  a  computer  directed  scan  which  successively  searches  along  the 
anticipated  satellite  track  for  different  assumed  values  of  cross  track  error  with  each  scan.  In  order  to  maximize 
the  data  replenishment  rate,  an  angular  velocity  of  up  to  five  or  six  degrees  per  second  is  desired  during  the  constant 
velocity  portions  of  the  scan,  with  a  maximum  of  four  degrees  per  second  per  second  acceleration  during  a  sinusoidal 
scan  reverse  phase.  Tracking  accuracy  should  be  within  at  least  iO.OS  degree  of  that  commanded  in  both  dimensions 
during  this  phase  of  operation  except  during  scan  reversal,  where  up  to  ±  0.S  degrees  error  should  be  permissible  in 
the  maximum  acceleration  dimension. 

c.  Computer  Directed  or  Closed  Loop  Monopulse  Tracking. 

Except  during  those  high  zenith  passages  of  the  satellite  requiring  rapid  azimuthal  traverse  and  re-acquisition, 
the  maximum  anticipated  angular  velocities  required  for  satellite  tracking  will  approximate  four  to  five  degrees  per 
second  with  maximum  accelerations  up  to  0.4  degree  per  second  per  second  in  both  dimensions.  Normally  .however, 
these  requirements  will  be  much  less.  The  minimum  “smooth”  angular  velocity  should  be  0.001  deyee  per  second. 
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The  rapid  azimuth  traverse  will  utilize  a  linear  five  to  six  degree  per  second  maximum  angular  rate  with  sinusoidal 
acceleration/deceleration  at  the  extremities  of  this  rapid  traverse  limited  to  a  maximum  of  four  degrees  per  second 
per  second  as  in  the  volumetric  scan  mode.  The  tracking  error  should  not  exceed  +  0.02  degree  of  boresight  except 
during  acquisition,  this  value  representing  approximately  a  +  12  percent  beamwidth  error. 

One  factor  which  has  unfortunately  limited  the  preliminary  investigation  has  been  the  unavailability  of  original 
design  data.  The  most  serious  result  of  this  situation  is  the  inability  to  ascribe  a  realistic  transfer  function  to  the 
electric  valve/hydraulic  motor  complex.  Other  important  parameters  relevant  to  the  mechanical  characteristics  of 
the  antenna  mount  are  also  in  doubt.  A  number  of  experimental  tests  have  been  conducted  in  an  attempt  to  deter¬ 
mine  the  missing  data,  but  in  many  instances  the  lack  of  suitable  instrumentation  has  severely  limited  the  useful 
quantitative  data  which  could  be  gained.  Nevertheless,  tne  total  data  which  is  now  available  serves  to  establish  certain 
boundary  conditions,  which,  in  turn,  make  possible  tentative  conclusions  of  a  reasonably  optimistic  nature. 

One  of  the  most  basic  determinations  is  whether  the  electro-hydraulic  drive  system  has  sufficient  torque  and 
power  to  achieve  the  required  angular  acceleration  and  velocity  characteristics.  Fortunately,  the  requirement  for 
maximum  of  either  acceleration  or  velocity  usually  occurs  when  the  other  is  a  minimum.  Since  the  power  expended 
during  acceleration  is  proportional  to  the  product  of  acceleration  and  velocity,  the  net  instantaneous  driving  horse¬ 
power  requirement  is  minimized. 

Experimental  open  loop  measurements  indicate  the  maximum  steady  state  velocity  to  be  approximately  S.S 
to  6.0  degrees  per  second  and  the  initial  step  response  acceleration  to  be  approximately  4.5  degrees  per  second 
squared.  These  peak  values  of  one  when  the  other  is  essentially  zero  are  more  than  adequate;  however,  their  relation¬ 
ship  at  intermediate  values  when  both  occur  simultaneously  is  equally  important.  As  previously  mentioned,  the  lack 
of  suitable  instrumentation  unfortunately  prevented  the  conduct  of  worthwhile  quantitative  experiments  to  gather 
such  information. 

Appropriately  corrected  theoretical  calculations  provide  a  fairly  good  indication  of  this  intermediate  perfor¬ 
mance.  The  basic  high  pressure  hydraulic  pump  is  rated  at  18  horsepower  output  at  2200  psi.  This  in  turn  is  driven 
by  a  40-horsepower  electric  induction  motor.  Each  of  the  hydraulic  motor  complexes  in  both  azimuth  and  elevation 
is  indicated  to  be  capable  of  approximately  1 75  ft  11)  of  torque  with  a  pressure  differential  of  2200  psi.  This  potential 
torque  is  tnen  multiplied  by  640  in  the  drive  gear  train  to  a  maximum  potential  of  1.12  x  10^  ft  lb  to  position  the 
antenna  in  either  dimension. 

The  torque  of  the  motors  is  resisted  by  at  least  three  basic  forces  common  to  all  mechanical  rotating  systems. 
These  are  directly  proportional  to  acceleration,  velocity,  and  a  fixed  constant  as  expressed  by  the  following  rela¬ 
tionship. 


j(J3L)  +  D(_M.)  +  kf  ■  Applied  Torque 
dt2  dt 


where 

J  ■  Ft  lbs  per  radian  per  second  squared 

*  moment  of  inertia 

D  *  Ft  lbs  per  radians  per  second 

*  damping  constant 
Kp  *  Ft  lbs  running  friction 
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The  value  of  J,  the  moment  of  inertia,  has  been  determined  by  very  crude  experiments  to  be  approximately  one 
million  ft  lbs  per  radian  per  second  squared  in  both  dimensions.  D,  the  damping  constant,  has  never  been  directly 
measured  or  calculated,  but  from  wind  gust  effects,  a  tentative  value  of  40,000  ft  lb  to  50,000  ft  lb  per  radian  per 
second  has  been  estimated.  Running  friction,  Kp,  was  also  crudely  measured  to  be  approximately  10,000  ft  lb. 

With  (d0/dt)  not  exceeding  six  degrees  per  second,  it  is  immediately  apparent  that  the  damping  factor  term  will  be 
negligible.  Expressed  in  terms  of  ft  lbs  per  degrees  per  second,  D  equals  700  to  875.  At  breakaway,  when  (d0/dt)  is 
very  small  (i.e.,  d0/dt  <  0.1  degree/second)  maximum  motor  torque  can  be  generated  since  little  available  fluid  driving 
horsepower  is  actually  required  and  maximum  pressure  and  flow  is  available.  As  the  angular  velocity  increases,  the 
power  absorbed  by  the  accelerative  and  running  friction  forces  also  increases. 


Accelerative  Power  =  T(a)  x  (-^-) 

dt 


=  JO 


( 


dfl  1 
dt 


Friction  Power  =  T(f)  x  (-=2_) 

dt 


Input  Power  *  Acceleration  Power  +  Friction  Power 

Again,  ti.;  effects  of  damping  are  believed  to  be  too  small  to  be  of  any  consequence.  Sooner  or  later,  however, 
the  limited  available  fluid  drive  h  irsepower  also  limits  the  available  acceleration  at  various  angular  velocities.  Assum¬ 
ing  the  maximum  available  fluid  horsepower  to  be  1 5,  a  curve,  Figure  24,  has  been  plotted  showing  available  accelera¬ 
tion  in  degrees  per  second  squared  vs  angular  rate  in  degrees  per  second.  The  dotted  line  also  shows  the  theoretical 
acceleration  which  could  be  obtained  if  the  motors  were  appropriately  variable  displacement  or  coupled  through 
an  appropriate  torque  converter  to  utilize  the  full  1 5  horsepower  at  all  angular  velocities.  The  friction  horsepower 
is  also  plotted  as  a  function  of  angular  velocity  to  indicate  its  power  absorbing  effect.  Gear  loss  has  been  lumped  under 
friction  loss  for  these  calculations. 

The  calculations  indicate  that  maximum  motor  acceleration  of  approximately  5.8  degrees  per  second  squared  can 
theoretically  be  maintained  for  all  angular  velocities  up  to  4.2  degrees  per  second.  If  the  maximum  available  fluid 
horsepower  it  assumed  to  be  15,  the  acceleration  then  becomes  total  power  limited  for  angular  velocities  above  4.2 
degrees  per  second  dropping  to  a  value  of  3.9  degrees  per  second  squared  at  six  degrees  per  second  angular  velocity. 

It  is  quite  apparent  that  these  values  definitely  exceed  the  previously  stated  maximum  acceleration/velocity  require¬ 
ments  to  achieve  the  desired  operation.  Even  if  the  actual  values  of  moment  of  inertia  are  25%  higher  than  assumed 
herein,  calculations  indicate  that  the  net  acceleration  should  still  be  more  than  adequate. 

There  it  some  question,  however,  whether  the  higher  values  of  acceleration  and  velocity  desired  for  the  new 
operation  may  possibly  exceed  the  stress/wear  limitations  of  the  gears  and  bearings.  The  only  pertinent  design  in¬ 
formation  which  is  presently  available  indicates  that  the  operating  limits  which  were  assumed  for  design  purposes 
were  somewhat  lower.  This  data  may  not  be  accurate,  requiring  a  thorough  investigation  of  this  factor. 
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Although  the  maximum  velocity  /acceleration  capabilities  of  the  basic  hydraulic  complex  should  be  adequate, 
(his  unfortunately,  does  not  also  permit  the  conclusion  that  the  present  complete  configuration  is  also  adequate  or 
that  it  can  be  made  adequate  to  provide  the  desired  dynamic  tracking  capability  with  its  associated  accuracy  and  sta¬ 
bility.  Additional  testing  and  analysis  will  also  be  necessary  to  make  such  a  determination,  and  such  an  effort  is 
presently  underway. 

As  stated  earlier,  the  most  difficult  aspect  of  this  effort  appears  to  be  a  reasonably  accurate  determination  of 
the  combined  hydraulic  motor/valve  transfer  function.  The  valve  function  is  apparently  the  most  nonlinear  element 
involved  (except  when  the  pressure  sensitive  relief  valves  are  activated),  its  flow  being  a  function  of  both  valve  opening 
and  pressure.  Figure  25  illustrates  the  quantity/pressure  flow  relationship  of  a  typical  hydraulic  valve  designed  to 
contiol  one  motor  for  various  metering  displacements.  The  pressure  function  is  actually  the  differential  pressure 
measured  between  the  hydraulic  motor  driving  port  and  the  exhaust  port.  The  flow  is  thus  controlled  by  two 
metering  valves  which  are  in  series. 

The  characteristics  of  the  valve  function  are  further  complicated  in  the  present  configuration  due  to  a  somewhat 
unorthodox  use  of  a  single  valve  to  drive  two  opposing  motors  to  achieve  reduced  backlash.  As  a  result,  the  exhaust 
of  each  motor  is  ported  to  a  common  sump.  Instead  of  the  previously  mentioned  series  flow  of  the  hydraulic  fluid 
through  the  two  sections  of  the  valve  when  used  with  one  motor,  fluid  now  follows  two  separate  paths.  One  path 
involves  flow  from  the  high  pressure  inlet  through  one  section  of  the  control  valve  and  the  driving  motor  to  the 
sump.  The  other  motor  is  driven  backward,  pumping  fluid  from  the  sump  through  the  other  valve  section  and  back 
to  the  sump.  This  latter  pumping  action  may  contribute  significant  negative  torque,  especially  during  overspeed,  de¬ 
celeration  conditions.  Determination  of  its  contribution  to  the  overall  transfer  function  is  therefore  extremely  im¬ 
portant.  The  valve  characteristics,  illustrated  in  Figure  25,  must  obviously  be  modified  to  incorporate  this  different 
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Various  instrumentation  and  test  methods  can  be  suggested  to  measure  the  desired  transfer  characteristics  of 
the  valve/motor  complex  without  removing  it  from  the  antenna  pedestal.  The  difficulties  of  providing  suitable  instru¬ 
mentation  to  achieve  the  desired  dynamic  accuracy,  however,  has  led  to  a  tentative  conclusion  that  the  basic  hydraulic 
drive  complex  should  be  physically  removed  from  the  pedestal  and  evaluated  upon  a  suitably  instrumented  test  stand. 
This  course  of  action  will  receive  further  consideration  to  determine  its  practicality. 

It  is  almost  axiomatic  that  at  least  a  type  II  servo  system  will  be  required  in  order  to  achieve  the  minute  errors 
which  have  been  specified  for  achievement  during  constant  velocity  and  acceleration  tracking.  The  basic  type  II  sys¬ 
tem  should  be  capable  of  zero  error  constant  velocity  tracking;  however,  it  will  develop  an  error  during  acceleration. 
The  required  acceleration  values  may  be  sufficiently  small,  however,  that  the  resultant  error  can  be  kept  within  toler¬ 
able  limits. 

Figure  26  is  a  block  diagram  of  the  present  servo  system  when  operating  with  position  error  derived  from  a 
monopulse  antenna.  It  incorporates  both  a  position  and  velocity  amplifier,  with  tachometer  derived  velocity  feed¬ 
back  around  the  velocity  amplifier,  and  monopulse  position  error  around  both  amplifiers.  Both  the  velocity  and  posi¬ 
tion  amplifiers  utilize  basic  operational  amplifiers  incorporating  additional  feedback  to  provide  a  specific  transfer 
characteristic. 

Analysis  of  the  position  amplifier  indicates  that  its  output  is  composed  of  two  functions,  one  which  is  propor¬ 
tional  to  the  input  signal  and  the  other  which  Is  proportional  to  the  time  integral  of  the  input  signal.  The  equivalent 
transfer  function  can  be  expressed  as  Gp(S)  =  Aj  +  Bj/S  and  is  achieved  by  an  R-C  feedback  signal  around  the  other¬ 
wise  linear  operational  amplifier.  The  feedback  function  around  the  velocity  amplifier,  on  the  other  hand,  generates 
two  mutually  exclusive  transfer  characteristics.  When  the  feedback  voltage  is  insufficient  to  fire  the  zener  diodes  in 
the  feedback  loop,  the  loop  is  essentially  open  providing  high  linear  gain  properties.  Gy(S)  then  equals  D  for  all 
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Figure  26.  Servo  System  Transfer  Response 
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values  of  feedback  voltage  across  the  zener  diodes  which  are  less  than  their  conduction  potential  of  approximately 
three  volts.  When  the  feedback  voltage  is  sufficient  to  equal  or  exceed  the  zener  conduction  voltage,  the  feedback 
capacitor  is  connected  and  the  transfer  function  becomes  that  of  an  integrator,  in  this  case  Gy(S)  equals  (F/S). 

A  rather  simplified  analysis  then  indicates  that  the  present  configuration  exhibits  two  different  servo  charac¬ 
teristics  depending  upon  the  status  of  the  nonlinear  velocity  amplifier  transfer  function.  In  order  to  show  this,  let 
us  assume  that  the  hydraulic  valve/motor  combination  exhibits  the  following  characteristics: 

•  Motor  Torque  a  Differential  Pressure,  P. 

•  Fluid  Flow  through  Motor  «  Motor  Velocity, 

dt 

•  Fluid  Leakage  Around  Motor,  etc.,  «  Differential  Pressure,  P. 

•  Fluid  Compressibility  =  0. 

•  Fluid  Flow  through  Valve  «  Control  Voltage,  Ec. 

The  total  hydraulic  fluid  flow  through  the  valve  and  motor  can  then  be  expressed  as 
‘Waive  =  KvEc  *  l%iotor +  leakage) 


Fluid  compressibility  has  been  ignored,  although  in  practice  its  effect  may  tend  to  cause  unstable  operation.  Since 
motor  torque  is  proportional  to  pressure,  the  equation  above  can  be  rewritten  as  follows- 


tM  =  Ko  (‘Waive  *  ‘Imotorl 


-  |K2  ec  -  k3  (-^-)  I 

This  expression  is  quite  similar  to  the  electric  motor  torque  equation  in  which  the  field  excitation  is  held  constant 
and  the  control  function  is  applied  to  the  armature,  as  seen  below. 

If  we  then  equate  the  hydraulic  torque  of  the  motor  to  the  torques  due  to  inertial,  velocity,  and  friction  effects 
and  solve  for  the  transfer  function  0(S)lE(J(S),  we  find 


MS)  «  *6 

Ec(S)  S  (S  +  a) 


Combining  this  function  with  the  velocity  amplifier  transfer  response  “D”  (with  no  feedback  through  the  zener 
diode  loop)  and  adding  the  tachometer  derived  rate  feedback,  results  in  an  overall  transfer  response  measured  at  the 
input  terminals  of  the  velocity  amplifier  of 


flfSi  _  *8 

Ey(S)  S(S  +  K9) 

Further  combining  this  function  with  the  transfer  function  of  the  position  amplifier  results  in  the  following 
overall  transfer  function 

flfS)  _  Kio(s  +  Kn) 

Ep(S)  S^(S  +  K7) 

This  represents  a  type  II  servo  system  which  would  theoretically  be  capable  of  zero  error  under  constant  velocity 
tracking  conditions. 

When  the  zener  diodes  conduct  and  the  velocity  amplifier  transfer  response  becomes  F/S,  the  new  transfer 
response  relating  angular  output  versus  velocity  amplifier  input  with  tachometer  rate  feedback  becomes 


flfS)  *  k12 

Ev<s)  S(S2  +  SK13  +  Ki4) 

Further  combining  this  with  the  position  amplifier  transfer  response  results  in  the  following  overall  response 


fltS)  «  K15(S  +  Ki6) 

Ep(S)  S2(S2  +  SK,3  +  K14) 

This  still  represents  a  type  II  servo  response  with  additional  poles  as  a  result  of  the  integration.  Whether  it  will  be 
stable,  and  capable  of  achieving  the  desired  dynamic  tracking  accuracies  with  or  without  additional  modification, 
remains  to  be  more  accurately  determined. 

It  is  interesting  to  note  the  action  which  the  two  states  of  the  velocity  amplifier  have  on  the  velocity  feed¬ 
back  function.  With  small  errors  and  corresponding  non-conduction  of  the  zener  feedback  diodes,  tjie  velocity 
feedback  function  is  linearly  amplified  to  serve  as  a  large  synthetic  damping  constant.  As  soon  as  the  error  increases 
to  the  point  of  conduction  of  the  zener  feedback  diodes,  the  resultant  modification  of  the  ve'ocity  amplifier  into 
an  integrator  effectively  converts  the  velocity  feedback  signal  to  one  which  is  directly  proportional  to  angular  dis¬ 
placement  of  the  output  shaft.  This  and  other  facets  of  the  servo  electronics  must  receive  further  study  and  evalua¬ 
tion. 


Turning  to  the  digital  control  portion  of  the  servo,  it  is  quite  evident  that  modification  may  be  necessary  in 
order  to  make  it  compatible  with  the  new  requirements.  At  stated  in  Appendix  B  this  system  comprises  a  digital 
computer  and  appropriate  ancillary  instrumentation  to  smoothly  drive  the  antenna  along  pre-computed  look  angles 
for  die  tracking  of  satellites  of  the  Echo  class  where  only  low  values  of  angular  velocity  and  acceleration  are  involved. 
Since  the  computer  is  presently  incapable  of  on-line  look  angle  calculations  from  the  basic  satellite  ephemeris  data, 
the  required  calculations  must  be  accomplished  beforehand.  The  computer  then  operates  u  a  readout  and  inter¬ 
polate  device  in  real  time,  as  well  as  recording  auxiliary  data.  Five  sets  of  pointing  angles  are  presently  computed 
for  satellite  arrival  times  of  0, 1 1/2  minute  and  i  one  minute.  The  purpose  of  this  lead/lag  data  is  to  correct  for 


the  pointing  errors  which  such  arrival  time  delays  introduce  because  of  the  earth’s  rotation.  The  method  of  second 
order  interpolation  which  is  then  used  to  provide  a  more  accurate  correction  supposedly  provides  an  infinite  correc¬ 
tion  capability  between  these  extremes  of  delay. 

The  basic  deficiency  of  the  present  digital  configuration  is  its  slow  readout  rate  of  once-per-second.  This  is 
too  slow  to  provide  the  unambiguous  control  signal  bandwidth  which  is  required  to  achieve  the  anticipated  servo 
system  characteristics  while  under  this  form  of  control.  Since  the  overall  analog  servo  system  bandwidth  will  most 
likely  exceed  5  Hz,  a  minimum  digital  sampling  rate  requirement  of  at  least  10  Hz  is  anticipated.  Operating  it  in  sub¬ 
synchronism  with  1/2  the  PRF  of  70  Hz  might  be  advantageous. 

Unfortunately,  the  read-in/read-out  rate  of  the  present  PB-250  digital  computer  cannot  be  increased  beyond 
twice  a  second  without  major  modifications.  The  lack  of  a  suitable  fast  access  memory  is  the  basic  cause  of  this  re¬ 
striction.  Studies  have  indicated,  however,  that  a  major  modification  or  replacement  may  be  avoided  by  the  use  of 
an  auxiliary  function  which  can  synthetically  generate  a  suitable  wideband  control  function  utilizing  the  present 
once-per-second  readout  rate.  One  method  of  accomplishing  this  is  to  utilize  an  auxiliary  function  which  can  es¬ 
sentially  expand  the  once-per-second  data  into  a  power  series.  The  coefficients  of  this  expansion  function  can  be 
corrected  at  the  slow  once-per-second  rate,  while  the  interpolate  readout  rate  can  be  made  almost  any  desired 
value.  This  approach  is  receiving  careful  consideration. 

Other  portions  of  the  digital  control  system  must  also  be  modified  or  replaced  to  achieve  the  desired  control 
bandwidth.  Included  are  the  digital  angle  encoders,  their  converters  and  shift  register  memories,  and  the  subsequent 
error  signal  filtering  and  weighting  functions.  Since  the  encoders  utilize  optical  readout,  increasing  their  readout  rates 
basically  involves  an  increase  of  the  flash  lamp  rate.  Specifications  for  these  Baldwin  encoders  indicate  that  rates 
up  to  100  pulses-per-second  are  possible  with  reduced  lamp  life,  while  rates  of  30  to  50  pps  should  provide  an  ade¬ 
quate  compromise  between  data  rate  and  lamp  life.  The  present  conversion  rate  of  this  data  from  a  gray  code  to 
binary  code  also  appears  to  be  limited.  This  should  not  present  much  of  a  problem  or  difficulty  to  remedy,  however. 

The  digital  data  rates  are  still  so  slow,  even  at  50  pps,  that  little  shift  or  storage  register  difficulties  are  anticipated. 
If  the  present  instrumentation  of  this  type  proves  to  be  inadequate,  however,  standard  inexpensive  operational  units 
should  be  capable  of  substitution  with  little  or  no  difficulty.  The  subsequent  filtering  and  weighting  functions  will 
undoubtedly  require  complete  replacement.  Assuming  that  the  sampled  readout  rate  is  sufficiently  high  to  achieve 
the  required  unambiguous  spectral  response,  the  filtering  will  most  likely  be  in  the  form  of  a  low  pus  reconstruc¬ 
tion  filter.  The  phase  shift  characteristics  of  such  a  filter  will  undoubtedly  be  very  important,  and  may  dictate  the 
need  for  a  higher  sampling  rate  in  order  to  optimumly  shape  the  roll-  iff  characteristics. 

In  conclusion,  it  is  evident  that  additional  investigation  is  necessary  in  order  to  determine  the  adequacy  of  the 
present  servo  system  to  meet  the  new  control  requirements.  The  basic  hydraulic  system  h as  been  determined  to  be 
capable  of  achieving  the  maximum  velocity/acceleration  values,  however.  On  the  other  hand,  whether  the  required 
dynamic  accuracies  and  stability  are  achievable  with  or  without  some  modification  has  not  yet  been  ascertained. 

Such  an  effort  is  now  underway.  The  present  configuration  does  embody  type  II  servo  characteristics;  these  are 
considered  to  be  a  necessity  in  order  to  reduce  velocity  and  acceleration  errors  during  tracking  to  the  minimal 
values  which  will  be  required.  The  digital  control  portion  will  definitely  require  modification,  but  this  appears  to 
be  of  a  moderate  nature.  Finally,  mechanical  stress  analysis  must  also  be  performed  to  insure  that  the  integrity  and 
life  of  the  components  involved  will  not  be  excessively  compromised  by  the  new  requirements. 


SECTION  VI 

MODIFICATION  PROCEDURE 


A.  PROJECT  PLAN 

The  modification  of  the  present  tracking  radar  will  be  accomplished  in  two  ways.  First,  detailed  design  and  fabri¬ 
cation  of  each  of  the  major  subsystems  must  be  accomplished.  After  installation  and  checkout  of  the  major  sub¬ 
systems,  system  integration  will  be  accomplished  by  interfacing  the  subsystems  into  a  complete  integrated  radar. 

This  effort  will  be  accomplished  by  RADC  personnel  with  the  assistance  of  the  subsystem  contractors  and  a  site 
modification  contractor.  During  the  course  of  the  design  of  the  major  subsystems,  the  interface  requirements  will  be 
specified  in  detail  to  insure  compatibility  between  each  subsystem. 

During  equipment  development  the  site  modification  will  continue  msinly  in  the  area  of  removing  unneeded 
equipment  and  wiring.  In  the  meantime,  certain  problem  areas  are  to  be  reviewed  and  solutions  arrived  at.  Some  of 
these  problem  areas  are: 

•  Weight  limit  and  weight  distribution  of  antenna  mounted  components. 

•  Antenna  balancing  procedures. 

•  Performance  limitations  of  the  servo  system. 

•  Computer  interface  problems. 

Any  decision  for  further  modifications  will  b.  dependent  on  the  results  of  these  studies. 

B.  SUBSYSTEM  EVALUATION 

As  each  subsystem  is  developed,  it  will  be  subjected  to  design  review,  test  and  evaluation  to  determine  its  com¬ 
pliance  with  original  design  requirements.  The  test  and  evaluation  criteria  will  be  developed  during  the  fabrication 
phase  of  the  subsystems.  Preliminary  testing  will  be  accomplished  at  the  contractor’s  plant  under  the  supervision  of 
RADC.  Final  acceptance  tests  will  be  conducted  at  the  Floyd  Site  after  the  equipment  has  been  installed.  A  critique 
of  the  results  will  be  performed  by  RADC  to  determine  the  true  operational  performance  of  each  subsystem.  After 
acceptance  testing  has  been  completed,  the  subsystem  will  be  interfaced  with  other  subsystems. 

C.  CALIBRATION  AND  SYSTEM  INTEGRATION 

At  present,  technique*  are  under  investigation  for  developing  a  complete  test  procedure  to  establish  the  system 
performance  and  accuracy.  The  uae  of  aircraft,  balloons  and  satellites  is  being  considered  for  the  tracking  tests. 

Antenna  measurements  of  pattern,  tide  lobes  and  boresight  are  to  be  taken  using  the  existing  boresight  tower  and 
ell  angular  readout  systems,  theodolite*  and  telescope*  collimated.  After  these  tests,  die  measurements  will  be 
checked  against  radio  stars  and  finally  on  precise  orbit  satellite  data. 
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Range  sidelobe  performance  measurement  will  be  accomplished  initially  on  a  closed  loop  basis  where  a  sample  of 
the  transmitter  output  will  be  inserted  into  the  transmission  line  leading  from  the  antenna  feed  to  the  RF  preampli¬ 
fiers.  In  this  way,  a  measure  of  the  performance  of  the  signal  processing  subsystem  and  transmitter  is  obtained. 
Complete  system  sidelobe  measurement  is  more  complicated  and  will  require  the  use  of  a  coherent  repeater  at  a  re¬ 
mote  site  or  a  calibrated  sphere  either  in  orbit  or  balloon  borne. 

Atmospheric  distortion  is  not  expected  to  require  any  real  effort  on  Phase  I  since  a  pulse  broadening  on  the  order 
of  10  percent  to  IS  percent  is  expected,  according  to  available  data. 21  The  Phase  II  dispersion  correction  will  be 
programmed  into  the  system  as  a  function  of  elevation  angle. 

D.  OPERATION 

During  FY  67,  an  operational  test  plan  for  the  modified  radar  will  be  developed.  A  catalog  of  all  orbiting  objects 
has  been  obtained  from  NORAD  and  a  list  of  all  objects  of  interest  is  being  drawn  up.  Time-of-arrival  experiments 
will  be  performed  on  these  objects  using  the  RADC  ASFIR22  Sites  so  that  problem  areas  may  be  uncovered  relative 
to  the  programming  of  the  oribtal  tracker  and  of  the  acquisition  program  due  to  excessive  deviation  in  time-of- 
arrival.  Cross-track  errors  and  their  effect  on  the  acquisition  problem  are  also  under  study. 

When  a  catalog  of  objects  of  interest  has  been  compiled,  a  test  plan  and  schedule  will  be  drawn  up  for  the  opera¬ 
tion  phase  to  take  place  in  FY  68. 

Data  will  be  recorded  on  magnetic  tape  and  will  include  phase  and  amplitude  for  both  received  polarizations  as 
well  as  clock  track,  range,  doppl  :r  correction,  azimuth  and  elevation  angles  and  frame  identity.  At  the  completion 
of  a  satellite  pass,  the  data  will  je  reformatted  into  binary  form  for  later  reduction  in  a  computer. 

A  computer  program  is  p'esently  being  developed  for  use  with  the  “Short  Pulse  Model  Measurement  Program’’ 
for  data  reduction  and  aralysis.23*  24  This  program  will  also  be  used  for  the  data  reduction  and  analysis  of  the 
information  gathered,  in  connection  with  this  program. 
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SECTION  VII 
SUMMARY 


The  results  of  the  preliminary  design  study  indicate  that  the  instrumentation  of  the  existing  Floyd  Test  Site  to 
provide  a  high  resolution  sensor  with  modest  time  sidelobes  of  approximately  -20  db  is  feasible. 

Achievement  of  the  desired  -35  db  sidelobes  requires  a  degree  of  stability,  linearity  and  matching  which  has  not 
been  commonly  obtained  in  the  past,  requiring  additional  investigation  and  effort.  This  investigation  has  served  to 
expose  these  potential  problem  areas  both  for  evaluative  purposes  and  to  guide  the  development  effort.  Some  of  the 
more  important  conclusions  are  as  follows: 

a.  Antenna 

When  modified  with  the  new  wideband  feed  horn,  the  overall  antenna  response  should  generally  be  adequate 
assuming  that  severe  mechanical  distortion  does  not  occur  during  scanning.  The  effect  of  time  delay  dispersion  re¬ 
sulting  from  off-axis  target  illumination  upon  the  temporal  sidelobes  of  the  wideband  waveform  has  not  yet  been 
fully  evaluated. 

b.  Transmission  Lines 

Phase  dispersion  and  reflections  resulting  from  mismatched  conditions  appear  to  be  the  primary  sources  of 
wideband  signal  distortion.  Dispersion  effects  are  generally  controllable  by  suitable  waveguide  component  selection 
and  the  incorporation  of  signal  pre-distortion  compensation  techniques.  Mismatch  and  the  resulting  reflection  may 
be  more  difficult  to  control,  but  are  not  considered  impossible  to  constrain  acceptable  limits.  Fortunately,  trans¬ 
versal  equalizers  will  in  most  instances  provide  a  means  of  controlling  the  resultant  time  delayed  ambiguous  signals 
generated  by  such  mismatches. 

c.  Duplexes 

Although  ferrite  duplexers  have  many  advantages,  the  difficulty  of  providing  matched  phase  and  low  insertion 
loss  characteristics  required  in  each  of  the  cross  polarized  receiving  channels  precluded  their  use.  Gaseous  duplexers 
should  be  capable  of  meeting  these  requirements,  but  additional  difficulties  arise,  such  as  effective  life,  recovery 
time,  and  VSWR  mismatch.  Effective  life  and  recovery  time  are  not  considered  to  be  serious  problems,  although 
they  cause  operational  difficulties.  The  effects  of  VSWR  mismatch  should  generally  be  capable  of  compensation 
by  the  use  of  transversal  equalizers.  Achieving  the  required  bandwidth  does  not  appear  to  be  a  problem. 

d.  Transmitter 

The  transmitter  is  comprised  of  the  drivers,  final  amplifier  and  pulse  modulator.  Basic  RF  signal  excitation  is 
provided  by  the  signal  processor.  Little  difficulty  is  anticipated  in  achieving  the  required  signal  handling  charac¬ 
teristics  in  the  low  level  driver  section.  The  required  phase  and  amplitude  characteristics  of  the  final  amplifier  tube 
are  difficult  to  achieve.  An  existing  tube,  the  VA-145F,  is  being  modified  for  Phase  I  operation  (2S0  MHz)  with  only 
theoretical  data  presently  available  attesting  to  its  ability  to  meet  the  required  characteristics.  Even  less  data  is 
available  relative  to  the  Phase  II,  ($00  MHz)  final  amplifier  tube,  although  that  which  is  available  is  encouraging. 
Active  phase  compensation  techniques  are  being  examined  to  provide  additional  phase  correction  capability  to  insure 
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that  the  transmitter  will  meet  its  required  performance.  An  integrally  related  problem  involves  the  instability  of  the 
modulator  pulse,  which  can  lead  to  additional  phase  and  amplitude  modulation.  It  is  presently  believed  that  practical 
pulse  leveling  techniques  can  be  applied  to  minimize  this  undesired  modulation. 

e.  Wideband  Receivers 

The  use  of  tunnel  diode  RF  pie-amplifiers  provides  a  reasonable  noise  figure,  minimizes  amplitude  and  phase 
nonlinearity,  and  simplifies  cross  channel  matching.  Dynamic  range  does  not  appear  to  be  a  problem.  Since  wide- 
to-narrow  band  signal  bandwidth  compression  is  accomplished  immediately  in  the  first  converter  following  the  RF 
pre-amplifiers,  the  difficulty  in  suitably  handUug  the  wideband  signal  is  minimized.  Little  difficulty  is  anticipated  in 
maintaining  phase  and  amplitude  characteristics  in  the  converter  circuit,  including  the  local  oscillator  de-ramping  sig¬ 
nal  to  be  provided  by  the  signal  proceisor. 

f.  Monopulse  Tracking  Channels 

Little  difficulty  is  anticipated  because  of  the  relatively  narrow  bandwidths  involved.  An  important  design  re¬ 
quirement,  however,  is  stable  operation  over  a  wide  dynamic  range  in  order  to  provide  adequate  pointing  error  data 
on  rapidly  scintillating  targets.  Such  a  design  appears  to  be  within  the  state  of  the  art. 

g.  Signal  Processing 

The  feasibility  of  the  basic  pulse  compression  technique  which  utilizes  actively  generated  linear  FM  and  active 
correlation  partial  de-ramping  with  attendant  information  bandwidth  compression  has  been  demonstrated.  Disper¬ 
sive  compression  filters  provide  a  time  domain  output  for  the  reduced  bandwidth  signals. 

Compressed  pulse  sidelobe  levels  of  -25  db  should  be  achievable  in  system  operation  without  undue  difficulty. 
The  desired  -35  db  sidelobe  is  much  more  difficult  to  achieve  and  maintain  in  practice,  but  it  does  not  appear  to  be 
impossible.  A  prime  and  difficult  requirement  of  the  signal  processor  is  to  generate  a  suitably  linear  and  repeatable 
FM  ramp  for  excitation  and  first  mixer  decorrelation.  Various  techniques  now  exist  which  can  be  implemented  to 
provide  the  desired  characteristics.  The  signal  processor  will  also  incorporate  techniques  to  compensate  for  micro¬ 
wave  component  dispersion  and  amplitude  and  phase  ripple.  Modification  of  the  ramp  slope  prior  to  transmission 
will  compensate  for  quadratic  phase  dispersion  and  phase  ripples  while  active  voltage  controlled  attenuators  are 
used  for  minor  amplitude  ripple  correction. 

h.  Data  Handling 

The  requirement  to  record  40-microsecond  bursts  of  2.5  MHz  bandwidth  signal  with  an  absolute  accuracy  of 
±  three  percent  over  a  dynamic  range  of  45  db  is  not  easily  achieved.  State-of-the-art  recording  techniques  cannot 
meet  all  of  these  requirements  simultaneously.  A  unique  time  expansion  technique  utilizing  logarithmic  compres¬ 
sion  of  the  analog  input  signal  followed  by  digital  conversion  and  recording  is  under  development  and  should  be 
capable  of  providing  the  desired  performance.  The  main  areas  of  difficulty  center  about  the  stability  and  accuracy 
of  the  logarithmic  compressors  and  the  A/D  converter.  Although  these  problems  are  difficult  to  solve,  they  do  not 
appear  to  be  insurmountable. 

i.  Range  Acquisition  and  Tracking 

No  difficulties  are  anticipated  when  operating  in  the  narrow  band  mode,  even  at  ranges  out  to  1000  miles. 
Intermediate  modes  exhibiting  increased  range  resolution  should  be  adequate  to  permit  final  positioning  of  the 
100-foot  range  gate.  Unless  computer-aided  high  resolution  range  tracking  is  utilized,  however,  situations  are  anti¬ 
cipated  in  which  range  gate  jitter  may  occur  as  the  target  scintillates.  It  is  anticipated  that  a  special  purpose  computer 
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can  perform  the  required  imoothing  and  coasting  actions  most  economically.  Precomputed  predictive  data  may 
also  be  utilized  as  an  additional  input.  The  present  .tigh  resolution  range  tracker  will  be  a  third-order  digital  tracking 
system  and  is  expected  to  perform  adequately  for  most  operating  conditions. 

j.  Angle  Acquisition  and  Tracking 

The  narrow  antenna  beamwidth  coupled  with  its  overall  limitations  of  inertia  and  structural  strength  practically 
eliminate  the  use  of  volumetric  search  for  acquisition.  The  position  of  the  satellite  to  be  acquired  must  therefore  be 
known  to  an  accuracy  of  approximately  +  2.5  miles  at  a  range  of  900  miles.  Present  ephemeris  prediction  techniques 
should  be  capable  of  such  accuracy  when  using  suitably  updated  data.  The  use  of  a  computer  to  accomplish  this  func¬ 
tion  is  almost  mandatory.  Monopulse  tracking  could  be  utilized  if  some  form  of  coasting  function  is  provided  during 
periods  of  scintillation  induced  signal  loss.  A  small  special  purpose  computer  could  easily  provide  this  function.  A 
more  desirable  technique  would  be  the  use  of  computer-derived  look  angle  commands  using  predicted  ephemeris 
data  throughout  the  required  tracking  period  with  narrow  band  monopulse  correction.  The  latter  technique  is 
entirely  feasible  and  will  most  likely  be  instrumented.  The  adequacy  of  the  present  servo  system  to  provide  the  re¬ 
quired  operation  is  still  under  investigation;  the  main  area  of  concern  centers  about  the  resultant  dynamic  accuracy. 

k.  Calibration  and  Test 

One  of  the  main  problem  areas  about  which  very  little  is  known  at  this  time  concerns  the  procedures  and  in¬ 
strumentation  required  to  accurately  determine,  calibrate  and  maintain  the  desired  individual  techniques  and  overall 
system  performance  which  is  required.  Conventional  instrumentation  to  accomplish  the  desired  subsystem  tests  is 
not  generally  available,  requiring  special  development,  some  of  which  is  presently  underway.  Suitable  techniques  for 
the  evaluation  and  calibration  of  overall  system  performance  have  to  be  more  thoroughly  investigated.  A  suitable 
test  is  the  prime  requirement.  The  use  of  satellites,  balloons,  aircraft  and  boresight  towers  is  under  investigation,  but 
each  exhibits  unique  limitations  and  problem  areas  which  make  any  individual  technique  less  thin  adequate  to  ac¬ 
complish  the  required  tests.  In  all  probability,  the  investigation  may  reveal  that  a  combination  of  these  individual 
techniques  will  be  required  to  achieve  the  desired  capability. 

The  preliminary  design  effort  culminated  with  the  development  of  system  specifications  in  accordance  with 
the  system  parameters  shown  in  Figure  27.  The  complete  system  specifications  are  contained  in  Appendix  E. 


PHASE  I 

PHASE  II 

PEAK  POWER 

6.5  Mw 

10  Mw 

AVERACE  POWER 

10  Kw 

20  Kw 

CENTER  FREQUENCY 

3350  Me 

Same 

MOD  BANDWIDTH 

250  Me 

500  Me 

PRF 

70PPS 

Same 

PULSE  WIDTH 

20  <uec 

40  Msec 

Figure  27.  System  Parameters 
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APPENDIX  A 

SYSTEM  SENSITIVITY  CALCULATIONS 


A  satellite  identification  radar  with  high  range  resolution  capability  should  preferably  exhibit  a  long  range,  high 
sipnal-to-noise  detection/tracking  capability  of  extremely  small  echoing  areas.  If  the  useful  range  is  too  short,  it  may 
seriously  degrade  the  capability  of  gathering  worthwhile  range  vs  aspect  angle  data  because  of  a  limited  observation 
time. 

It  has  been  determined  that  the  AN/FRC-40,  located  at  Floyd,  New  York,  can  be  modified  through  the  use  of 
state-of-the-art  techniques  and  components  to  achieve  a  useful  capability  of  the  type  desired  for  range  in  excess  of 
four  to  five  hundred  miles.  Although  this  value  is  less  than  optimum,  such  a  facility  can  in  many  instances  gather 
extremely  useful  satellite  data  of  the  type  desired. 

The  choice  of  system  parameters  has  not  been  capricious  or  arbitrary.  A  thorough  systems  analysis  was  required, 
since  compromises  were  necessitated  by  the  availability  of  components,  state-of-the-art,  techniques,  etc.  The  sensi¬ 
tivity  of  the  resultant  design  is  calculated  below. 

The  essential  radar  parameters  of  the  Phase  1  equipment  are  as  follows: 

Pav  =  10  kilowatts  average 

Te  =  20  microseconds  (transmitted  pulse) 

Tc  =0.4  microseconds  (compressed  pulse  after  bandwidth  reduction) 

PRF  =  70  pulses  per  second 

Be  =  250  megahertz  (modulation  bandwidth) 

X  =0.1  meter  RF  wavelength 

NF  =  6  db 

L  =  5  db  system/signal  processing  loss 

Gj  =  50  db  effective 

CR  =  50  db  effective 

a  =  0.1  sq  >are  meter  echoing  area 
KT  =  -204  db 

A  derivation  of  the  effective  gain  of  the  Cassegrain  antenna  system  at  the  new  operating  frequency  is  included  in 
another  appendix.  The  50-db  value  used  above  includes  anticipated  losses. 

Matched  filter  signal  processing  is  assumed.  Those  practical  losses  which  prevent  achievement  of  the  theoretical 
capability  are  covered  under  the  5-db  overall  system  loss.  There  does  not  appear  to  be  any  reason  why  such  process¬ 
ing  should  be  severely  degraded  or  unachievable.  Target  velocity  decorrelation  effects  which  might  otherwise  be¬ 
come  a  problem  are  assumed  to  have  been  properly  compensated. 
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The  standard  signal-to-noise  vs  range  equation  for  matched  filter  signal  processing  was  used  to  obtain  die  desired 
perfoimance  data.  The  individual  characteristics  of  the  complex,  multistep  pulse  compression  are  ignored.  Their  ef¬ 
fective  overall  loss  is  summed  under  system  loss. 

The  aforementioned  single  pulse  signal-to-noise  vs  range  equation  is: 

S  (P,v)(Ct)(Gr)(X)2(o) 

N  "  (PRF)  (KT)  (loss)  (4rr)3  (R)4  (NF) 

Solving  this  equation  for  the  (S/N)  ratio  after  signal  processing  for  various  values  of  range  when  the  effective 
echoing  area,  o,  is  only  0.1  square  meter  results  in  the  signal-to-noise  ratios  tabulated  in  Figure  A-l. 


RANGE  (mi) 

S/N(db) 

600 

13.0 

500 

16.9 

400 

20.9 

300 

25.0 

200 

32.9 

100 

44.9 

Figure  A-l .  Signai-to-Noise  Ratio  in  High  Resolution  Mode  (Based  on  0.1  M3  Target) 

This  ratio  has  also  been  calculated  for  different  echoing  areas  and  the  results  are  graphically  displayed  in  Figure 
A-2.  The  increased  range  corresponding  to  a  fixed,  minimall}/  lccep table  signal-to-noise  ratio  is  immediately  apparent. 

The  Mode  I  narrow  band  long  pulse  of  at  least  20  microseconds  will  be  used  for  satellite  acquisition  and  initial 
angle/range  tracking.  As  a  consequence,  the  effective  target  echoing  area  of  satellites  of  interest  is  expected  to  be  well 
above  one  square  meter  because  of  the  range  resolution  of  approximately  three  miles.  Consulting  the  signal-to- 
noise  vs  echo  area  curves  depicted  in  Figure  A-2  shows  that  a  one-pulse  signal-to-noise  ratio  of  23  db  can  be  expected 
at  600  miles  for  a  one-square  meter  target  which  can  be  extrapolated  to  +1 1  db  at  1 200  miles.  This  should  be  more 
than  adequate  for  the  stated  purpose. 

Mode  II  operation  will  provide  intermediate  accuracy  positioning  of  the  high  resolution  range  gate  to  be  used  in 
Mode  ID,  The  bandwidth  of  this  signal  is  approximately  2.5  MHz  corresponding  to  a  range  resolution  of  approxi¬ 
mately  0.4  mile  or  2100  feet.  Since  the  size  of  individual  satellites  will  not  exceed  this  resolution,  echoing  areas 
similar  to  those  anticipated  during  Mode  I  operation  are  also  expected  in  this  instance.  Again,  the  previously  cal¬ 
culated  one-pulse  signal-to-noise  ratios  should  be  adequate  for  this  purpose. 

ft. 

Mode  ID  high  resolution  operation  should  involve  much  smaller  echoing  areas  becaiise  of  the  approximately 
2-1/2  -  3-foot  weighted  range  resolution  during  Phase  I  operation,  and  approximately  1-1/4  to  1-1/2-foot  resolution 
during  Phase  II  operation.  As  a  consequence,  the  resultant  reduction  in  the  one-pulse  signal-to-noise  ratio  at  ranges 
of  600  miles  or  greater  is  expected  to  be  intolerable,  necessitating  the  prime  data  gathering  on  potential  echoing 
areas  as  small  as  0.1  square  meter  to  be  conducted  at  ranges  of  300  to  350  miles  or  less.  Figure  A-2  indicates  the 
Phase  II  one-pulse  signal-to-noise  ratio  for  a  0.1  square  meter  target  to  be  +25  db  at  350  miles  range.  This  is  suffici¬ 
ent  to  provide  the  required  one-pulse  RMS  amplitude  accuracy  of  approximately  ±  1/4  (assuming  no  other  sources 
of  error)  and  similarly  an  RMS  phase  accuracy  of  approximately  ± 2.5  degrees. 
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APPENDIX  B 

ACQUISITION  AND  TRACKING 


A  prime  requirement  it  that  the  radar  be  capable  of  acquiring  and  tracking  satellites  of  interest  with  sufficient  ac¬ 
curacy  in  angle  and  range  to  permit  recording  of  the  desired  high  resolution  data.  For  a  number  of  reasons  to  be 
outlined  herein,  computer  direction  or  aiding  of  these  functions  is  considered  to  be  a  necessity.  As  presently 
planned,  the  basic  orbital  elements  will  be  supplied  by  such  agencies  as  N ORAD/SPADATS  or  the  Goddard  Space 
Flight  Center.  Initial  acquisition  and  tracking  data  will  then  be  pre-computed  using  these  elements.  Where  feasible, 
tracking  will  be  initiated  prior  to  the  high  resolution  data  gathering  to  provide  more  accurate,  updated  orbital  in¬ 
formation.  In  most  cases,  initial  acquisition  will  be  accomplished  under  open  loop  computer  control  to  minimize 
initial  uncertainty  scanning  requirements.  Upon  acquisition,  the  open  loop  computer  control  will  be  cloeed, 
utilizing  actively  derived  angle  and  range  data  u  a  corrective  feedback  function.  During  the  initial  tracking  phase 
before  the  gathering  of  high  resolution  data,  this  angle  data  will  be  gathered  on  a  pulse-to-pulse  basis.  Later,  when 
high  resolution  data  is  being  recorded  and  monopulse  angle  data  cannot  be  gathered  simultaneously,  the  updating 
of  angle  information  may  be  accomplished  in  a  multiplexed,  sampling  basis.  The  rate  may  vary  from  once  every 
few  PRF  pulses  to  once  every  ten  seconds  or  larger,  if  it  is  demonstrated  to  be  feasible. 

For  the  present,  the  satellites  of  interest  will  include  only  those  whose  orbital  elements  are  reasonably  well  known. 
This  data  will  in  turn  greatly  simplify  the  desired  acquisition  and  tracking  function  as  well  as  minimize  the  overall 
instrumentation  requirements  to  accomplish  it. 

The  satellite  of  interest  must  also  meet  additional  requirements,  if  useful  data  is  to  be  gathered.  Synonymous  with 
the  requirement  that  their  orbital  elements  be  accurately  known  is  the  requirement  that  the  parameters  be  fairly 
stable  and/or  well  defined.  This,  in  effect,  reduces  the  unknown  factors  of  interest  and/or  die  need  for  frequent  up¬ 
dating  to  maintain  the  necessary  accuracy.  This  may  eliminate  certain  satellites;  for  example,  those  whose  physical 
area-to-mass  ratio  is  so  large  that  solar  pressures  and  atmospheric  drag  cause  appreciable  orbital  errors.  Since  low 
altitude  orbits  are  also  more  seriously  affected  by  atmospheric  drag,  it  is  anticipated  that  die  minimum  altitude  of 
typical  satellites  of  interest  will  exceed  one  hundred  and  fifty  miles.  Maximum  altitude  during  high  resolution  data 
gathering  is  also  limited  by  the  effective  data  gathering  range  of  approximately  400  miles  for  0.1  square  mater 
echo  areas.  The  satellites’  altitude  and  projected  ground  range  must  obviously  be  less  than  this  to  ensure  that  it  will 
remain  within  the  maximum  useful  range  to  permit  recording  of  high  resolution  data  for  a  reasonable  period  of 
time.  With  typical  satellite  velocities  approaching  five  miles  per  second,  a  reasonable  data  recording  period  in  this 
instance  may  only  be  a  minute.  Finally,  in  addition  to  the  other  requirements,  low  eccentricity  orbits  will  gen¬ 
erally  be  favored  because  the  resultant  rates  and  accelerations  associated  with  the  tracking  function  will  tend  to  be 
minimized,  commensurately  reducing  instrumentation  requirements. 

As  with  all  very  narrow  single  beam  radars,  the  ability  to  utilize  some  form  of  volumetric  scan  to  aid  the  acquisi¬ 
tion  problem  is  extremely  limited.  In  this  instance,  the  inertially  related  power  requirements  and  maximum  physical 
stress  limitations  are  the  primary  restrictions  preventing  the  achievement  of  high  scanning  rates.  If  these  effects  were 
not  present,  the  maximum  linear  scanning  rate  would  then  be  limited  by  the  requirement  for  the  antenna  beam  to 
remain  on  target  for  a  sufficient  period  of  time  to  receive  the  one  or  more  target  echo  returns  as  requited  for  detec¬ 
tion  and  acquisition.  The  time  delay  of  the  basic  PRF  interval  of  the  subject  radar  is  commensurate  with  a  riant 
range  of  approximately  1 200  miles.  Thus,  it  becomes  the  limiting  interval  on  a  one-bit  per  beam  dwell  baeie  for  thoee 
slant  ranges  less  than  this.  Since  most  acquisition  ranges  will  be  lest  than  1200  miles,  PRF  delay  will  be  the  pre¬ 
dominant  scan  rate  limiting  factor  u  described.  On  a  one  hit  per  beam  dwell  period  basis,  this  corresponds  to  a  maxi¬ 
mum  linear  scan  rate  of  23  J  degrees  per  second,  reducing  to  1 1.6S  degrees/second  maximum  for  a  two  hits  per 
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beam  dwell  period  requirement.  Since  the  primary  antenna  beamwidth  is  one  third  of  a  degree  circular,  the  maximum 
solid  angle  scanned  per  second  with  such  a  linear  scan  could  not  exceed  7.8  and  3.9  degrees  squared,  respectively, 
for  the  aforementioned  one-hit  and  two-hit  beam  dwell  conditions. 

Practically,  however,  the  present  maximum  linear  scanning  velocity  is  restricted  by  the  aforementioned  limitations 
to  six  degrees  per  second,  and  the  acceleration  is  limited  to  three  or  four  degrees  per  second  per  second.  The  maxi¬ 
mum  solid  angle  scanning  rate  at  this  linear  velocity  is  commensurately  reduced  to  two  degrees  squared  per  second. 
Whether  these  rates  and  accelerations  can  be  materially  increased  without  excessive  physical  damage  to  the  structure, 
gears,  and  bearings  has  yet  to  be  completely  analyzed.  Available  design  information,  however,. indicates  that  present 
gear  strength  and  life  may  limit  any  such  increase. 

If  small  linear  segments  must  be  scanned,  as  may  well  be  the  case  for  initial  acquisition,  the  maximum  acceleration 
limitations  will  greatly  reduce  the  average  scanning  velocities  below  the  previously  stated  maximum  values.  For  ex¬ 
ample,  to  raster  scan  a  plus  or  minus  two-degree  segment  sinusoidally,  the  average  scanning  velocity  in  that  dimen¬ 
sion  is  reduced  to  approximately  1.8  degree-per-second,  which  is  only  thirty  percent  of  the  maximum  permissible 
linear  value.  The  solid  angle  scanning  rate  also  drops  correspondingly  to  a  low  of  six-tenths  degrees  squared  per 
second.  It  should  be  quite  obvious,  therefore,  that  the  ability  of  this  particular  radar  to  accomplish  vblumetric  scan 
is  severely  limited. 

Fortunately,  available  information  indicates  that  the  orbital  path  of  most  satellites,  and  especially  those  meeting 
the  boundary  criteria,  can  be  predicted  with  a  reasonably  high  degree  of  accuracy  from  data  which  is  now  supplied 
by  NORAD  and  the  Goddard  Space  Flight  Center.  Such  data  obviously  can  drastically  reduce  or  negate  the  require¬ 
ment  for  an  initial  volumetric  scan  capability  for  initial  acquisition  purposes  as  well  as  to  aid  the  subsequent  tracking 
function. 

If  it  were  possible  to  predict  a  satellite’s  geocentric  position  as  a  function  of  time  with  an  absolute  three- 
dimensional  accuracy  of  four  hundred  feet  or  less,  all  acquisition  and  tracking  in  angle  could  be  open  loop  computer 
controlled.  The  resultant  angular  pointing  error  would  not  exceed  a  maximum  of  +  0.04  degree  at  slant  radar  ranges 
beyond  one  hundred  miles  and  would  improve  commensurately  as  a  function  of  range.  It  has  been  indicated  that 
such  accuracies  may  be  achievable  in  the  near  future  using  conventional  orbit  prediction  data  for  satellites  meeting 
the  previously  described  boundary  conditions  and  whose  parameters  are  suitably  updated  by  daily  observation.  The 
conclusions  of  a  study  conducted  by  North  American  Aviation  ^  for  RADC  are  even  more  optimistic.  Accuracies  of 
at  least  taro  orders  of  magnitude  better  than  those  just  mentioned,  namely  four  feet  or  less,  are  believed  possible  if 
the  data  is  updated  from  data  derived  only  one  or  two  passes  prior  to  the  desired  pass.  If  this  conclusion  is  experi¬ 
mentally  verified,  not  only  open-loop  angular  acquisition  and  tracking  but  open-loop  range  gate  acquisition  and 
tracking  ahould  also  be  feasible. 

The  present  predictive,  accuracy  for  similarly  bounded  satellites  whose  parameters  are  updated  daily  is  somewhat 
in  doubt,  but  it  is  definitely  worse  than  the  400-foot  geocentric  value  previously  stated.  Maximum  cross-trajectory 
errors  of  approximately  +  1/2  mile  have  been  indicated,  with  in-trajectory  errors  of  from!  IS  to  ±30  miles,  this 
last  error  being  commensurate  with  a  three  to  six  second  time-of-errival  error.  When  the  parameters  have  been  allowed 
to  ‘  age”  for  periods  up  to  a  week  or  more  without  updating  (u  may  well  occur  in  practice),  these  errors  will  un¬ 
doubtedly  increase.  If  one  ascribes  a  linear  rate  of  error  increase  in  both  dimenaions,  an  assumption  which  is  not 
necessarily  correct,  but  appears  to  be  reasonable  under  the  other  assumptions  made  herein,  a  maximum  cross  track 
error  of  approximately  ±3-1/2  to  ±4  miles  might  be  expected  after  one  week,  with  a  time-of-trrival  error  of  up  to 
+  1/2  to  +  1  minute.  This  latter  error  would  generate  corresponding  in-track  errors  of  from  ±  ISO  to  ±300  miles. 


The  dimensions  of  highest  anticipated  error,  whicl.  can  apparently  be  ordera-of-magnitude  larger  than  the  cross 
track  error,  lie  in  the  dimension  along  the  path  of  the  trajectory.  The  otherwise  large  volume  of  uncertainty  as* 
sociated  with  initial  acquisition  can  thus  be  reduced  in  practice  to  a  simple  two-dimensional  problem  encompas¬ 
sing  the  much  smaller  cross  trajectory  error  if  the  radar  is  capable  of  simultaneously  observing  all  points  within 
the  cross-track  plane  until  the  satellite  passes  through. 

The  antenna  besmwidth  necessary  to  ensure  simultaneous  observation  of  all  points  in  the  cross  track  error 
plane  is  maximum  when  the  slant  range  is  (a)  minimum  and  (b)  perpendicular  to  the  cross  track  error  plane,  in¬ 
tersecting  this  plane  at  the  centroid  of  cross  track  error.  Assuming  the  latter  condition  to  be  the  worst  look  angle 
situation,  the  minimum  range  at  which  all  of  the  +  4  mile  cross  track  error  is  simultaneously  observed  is  cal¬ 
culated  to  be  1375  miles.  This  is  somewhat  unrealistic  for  the  acquisition  of  low  altitude  satellites  (i.e.,  150-mile 
altitudes)  where  the  line-of-sight  slant  range  is  approximately  900  miles  maximum. 

The  arc  intercepted  by  the  1/3  degree  antenna  beam  at  900  miles  slant  range  is  approximately  1 2.6  miles. 
Assuming  that  this  is  the  minimum  range  at  which  the  satellite  becomes  visible,  the  beam  must  be  scanned  ap¬ 
proximately  0.1  degree  to  encompass  an  error  of  1 4  miles  in  arc.  Since  the  cross  track  error  is  two-dimensional, 
the  scan  must  also  be  two-dimensional.  A  circular  scan  appears  to  be  the  most  efficient  two-dimensional  scan  to 
ensure  probability  of  intercept  with  a  scan  period  of  approximately  once  per  second  being  achievable  with  the  rate 
and  acceleration  limitations  stated  previously.  This  should  practically  insure  100  percent  intercept  under  the 
assumed  conditions. 

If  acquisition  must  be  accomplished  at  shorter  ranges  for  whatever  reason,  difficulties  may  be  encountered.  A 
circular  or  raster  scan  rate  may  be  too  slow  to  accomplish  adequate  illumination  of  the  temporally  related  three- 
dimensional  error  space  now  involved  to  insure  intercept.  The  most  feasible  scan  method  under  these  conditions, 
if  required,  appears  to  be  one  which  consecutively  assumes  different  cross  plane  errors  as  it  scans  along  the  tra¬ 
jectory  for  a  sufficient  distance  to  insure  intercept  within  the  anticipated,  temporally  related  in-track  errors. 

Such  a  scan  should  permit  illumination  of  this  potentially  large  error  volume  at  the  highest  possible  rate.  A 
scan  of  this  type  would  of  necessity  require  real  time  computer  direction. 

Real  time  computer  direction  of  the  antenna  beam  will  also  be  required  in  many  instances  during  initial  acquisi¬ 
tion  in  order  to  counteract  the  adverse  effects  of  the  earth’s  rotation.  This  rotation  continuously  changes  the 
topocentric  coordinates  of  the  earth  located  radar  site  with  respect  to  the  geocentrically  located  satellite  orbit. 

The  requirement  to  continuously  point  at  a  particular  error  volume  associated  with  the  anticipated  ephemeris 
thus  requires  a  continuous  modification  of  the  radar  pointing  angle  as  a  function  of  time.  The  worst  case  for  the 
radar  occurs  when  the  satellite’s  anticipated  or  real  acquisition  position  is  due  South  of  the  radar  position.  For  a 
slant  range  of  900  miles  at  zero  elevation  angle,  the  resultant  rate-of-change  of  azimuth  look  angle  to  such  a 
position  induced  by  the  earth’s  rotation  would  be  approximately  0.0164  degrees  per  second.  Although  this  is  in¬ 
consequential  over  a  period  of  a  few  seconds,  30-aecond  delays  are  anticipated,  for  example,  which  will  result  in 
a  total  pointing  error  of  approximately  0.49  degrees  for  the  condition  just  described.  Such  a  pointing  error  can 
seriously  jeopardize  the  acquisition  function,  as  has  been  previously  pointed  out. 

A  requirement  for  real  time  look  angle  correction  therefore  exists  to  insure  reliable  satellite  acquisition  by  the 
radar.  A  computer  can  most  logically  accomplish  this  function;  however,  its  method  of  implementation  greatly 
influences  the  type  and  magnitude  of  capability  required.  The  tentative  approach  to  be  used,  but  which  must  be 
examined  in  mud)  more  detail  before  its  definite  adoption,  is  that  which  was  adopted  for  this  purpose  when  the 
radar  was  originally  instrumented  for  communications  satellite  acquisition  and  tracking.  This  approach  permits  the 
utilization  of  a  fairly  simple  computer  to  read  and  interpolate  previously  calculated  look  angles  in  real  time  for 
various  anticipated  early  late  satellite  arrival  times  along  the  anticipated  geocentrically  located  ephemeris.  This 
particular  operation  is  far  less  complex  than  that  required  to  calculate  there  anticipated  angles,  permitting  this 
latter,  more  complex  operation  to  be  accomplished  beforehand  in  non-real  time  either  on  the  same  or  a  much 
faster  computer. 
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The  present  orbital  computer  is  a  Packard  Bell  PB  2S0  utilizing  magnetostrictive  delay  lines  as  the  basic  high 
access  speed  memory,  and  an  IBM  formatted  magnetic  tape  high  capacity  memory.  Additional  peripheral  I/O 
equipment  includes  a  Flexowriter  and  punched  tape  reader. 

The  present  instrumentation  calculates  and  utilizes  five  sets  of  two-dimensional  look  angles  for  every  anticipated 
position  of  the  satellite  at  one  second  intervals  corresponding  to  arrival  times  of  zero,  £  30  seconds,  and  1 60 
seconds.  Quadratic  interpolation  is  then  used  to  derive  the  look  angles  for  one-second  temporal  error  increments. 
Acquisition  is  then  initiated  at  the  time  and  angles  corresponding  to  a  60-second  late  arrival  time  on  the  assump¬ 
tion  that  in  almost  all  instances,  the  satellite  should  have  arrived  earlier.  The  antenna  is  then  directed  to  “chase” 
the  satellite  by  means  of  the  precalculated  tracking  data.  This  is  accomplished  relatively  easily  by  the  generation 
of  a  dual  scanning  function  which  appropriately  superimposes  on  the  normal  fixed  arrival  time  scanning  function 
the  effects  of  a  changing  arrival  time.  The  resultant  function  then  causes  the  antenna  to  chase  the  satellite,  hope¬ 
fully  acquiring  it  before  the  60-second  early  arrival  function  is  reached. 

One  of  the  chief  merits  of  this  approach  is  that  the  antenna  is  moving  in  the  direction  of  the  object's  path 
when  acquisition  takes  place.  Two  distinct  advantages  result  ,  (a)  the  initial  antenna  acceleration  requirements 
are  minimized  to  establish  track  lock-on,  and  (b)  the  initial  monopulse  error  signal,  if  used  for  lock-on  purposes, 
is  of  the  correct  polarity  to  accomplish  this  function.Otherwise,  if  the  antenna  beam  were  standing  still,  or  if 
the  satellite  were  “chasing”  it,  the  initial  monopulse  error  signal  would  be  180  degrees  in  error.  The  main  disad¬ 
vantage  of  this  technique,  however,  is  that  die  time  required  to  complete  the  acquisition  will,  in  many  instances, 
permit  the  satellite  to  approach  the  radar  much  closer  than  the  minimum  desired  900-mile  slant  range.  The  anti¬ 
cipated  probability  of  achieving  acquisition  would  then  be  expected  to  drop  drastically  as  previously  described. 

Fortunately,  the  same  early-late  tracking  data  can  be  used  to  permit  continuous  illumination  of  a  reasonably 
fixed  error  volume  associated  with  the  satellite  trajectory  for  acquisition  as  described.  This  will  insure  that  the 
initial  slant  acquisition  range  will  remain  at  900  miles  or  beyond,  as  desired,  to  ensure  volumetric  intercept  with 
little  or  no  additional  scanning  required  to  compensate  for  the  maximum  anticipated  cross  track  error.  Since  the 
slant  radar  range  to  a  fixed  geocentrically  located  cross  track  error  position  also  changes  as  the  result  of  earth’s 
rotation,  some  form  of  range  correction  function  will  also  be  required.  The  simplest  method  is  to  maintain  a 
fixed  low  elevation  look  angle  during  acquisition,  effectively  limiting  the  minimum  line-of-sight  range  for  a  specified 
target  elevation. 

During  the  initial  acquisition  phase,  the  antenna  beam  will  be  computer-directed  toward  the  particular  error 
volume  associated  with  a  one  minute  early  arrival.  The  elevation  angle  should  also  be  commensurate  with  the  de¬ 
sired  900-mile  minimum  slant  range  or  greater.  Upon  active  initiation  of  the  acquisition  function,  the  computer 
will  generate  an  angle  pointing  correction  function  from  the  pre-calculated  data  such  that  the  elevation  angle  re¬ 
mains  constant  with  only  the  azimuth  angle  changing  to  correct  for  the  earth’s  rotation.  The  net  effect  will  be 
to  observe  ,  reasonably  fixed  geocentrically  related  enror  volume  which  slowly  slips  along  the  trajectory  during 
acquisition.  This  slippage  results  from  the  combined  effects  of  the  fixed  elevation  angle  scan  which  will  be  used, 
the  particular  azimuth  look  angle,  and  the  earth’s  rotation.  The  rate  of  slippage  under  the  worst  conditions  should 
not  exceed  approximately  0.2  mfles/second,  which  should  definitely  be  acceptable  under  the  previously  calculated 
scanning  conditions. 

Monopulse  angle  error  sensing  will  be  used  in  addition  to  straight  amplitude  sensing  to  determine  when  track¬ 
ing  should  be  initiated  and  what  corrections  are  necessary  to  establish  the  desired  computer  aided  tracking  function. 
Various  implementation  approaches  are  now  being  considered. 

The  first  approach  is  more  or  lest  conventional,  initially  disconnecting  the  fixed  volume  computer  direction 
Auction  when  the  amplitude  and  error  signals  are  of  sufficient  strength  and  initiating  interim  closed  loop  mono- 
pulse  tracking.  Aa  previously  stated,  a  polarity  tensing  technique  will  be  desirable  to  prevent  initial  wrong  direc¬ 
tion  acceleration  of  the  antenna  and  to  provide  a  pre-acceleration  capability,  if  desired.  Fortunately,  the  initial 
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elevation  (canning  rates  should  normally  be  less  than  O.OS  degree  per  second,  minimizing  the  acceleration  problem 
in  this  dimension.  The  azimuthal  rates,  on  the  other  hand,  may  exceed  0.25  degrees  per  second.  Assuming  the 
previously  mentioned  wrong  direction  acceleration  can  be  negated,  acceleration  to  0.3  degrees  per  second  per 
second  angular  velocity  can  be  accomplished  in  less  than  0.1  second  from  a  dead  stop.  This  further  assumes  a 
maximum  angular  acceleration  capability  of  four  degrees  per  second  per  second  which  should  be  achievable.  This 
capability,  plus  a  pre-acceleration  capability  derived  from  the  aforementioned  wrong  direction  monopulse  signal, 
should  generally  be  more  than  adequate  to  permit  the  desired  acquisition  function. 

Closed  loop  monopulse  tracking  would  then  continue  for  a  sufficient  period,  i.e.,  approximately  ten  to  twenty 
seconds,  to  permit  the  generation  of  a  suitable  bias  to  achieve  maximum  coincidence  of  the  precomputed  tracking 
function  with  the  monopulse  tracking  function.  Open  loop  computer  directed  tracking  would  then  be  initiated 
which  would  be  periodically  updated  and  corrected  by  monopuLw  signals  interspersed  on  a  multiplex  basis.  Multi¬ 
plexed  operation  is  a  necessity,  as  described  elsewhere,  because  of  the  present  inability  to  gather  simultaneously 
high  resolution  data  and  monopulse  tracking  data.  Present  plans  will  permit  up  to  one  pulse  out  of  every  seven  to 
be  used  for  such  updating.  If  the  pre-computed  tracking  functions  are  sufficiently  accurate,  however,  the  sampling 
period  may  be  extended  up  to  ten  or  more  seconds. 

The  second  approach  utilizes  the  pre-computed  tracking  function  throughout  the  acquisition  tracking  process. 
The  satellite  is  allowed  to  fly  through  the  near  stationary  error  volume  under  observation,  with  monopulse  error 
data  being  gathered  during  this  period.  This  podtion-versus-time  data  is  then  used  to  select  the  proper  pre¬ 
calculated  two-dimensional  tracking  function.  Once  the  proper  function  is  automatically  determined,  which  should 
only  take  a  few  seconds,  the  antenna  is  directed  at  a  high  rate  to  the  calculated,  dynamically  varying  position  of  the 
satellite,  whereupon  it  slows  to  the  proper  anguiir  tracking  velocity  and  commences  the  multiplexed  high 
resolution/monopulse  error  data  gathering  mode  of  operation  previously  described  as  part  of  the  first  approach  to 
correct  for  errors. 

Which  of  the  two  techniques  will  be  implemented  must  yet  be  determined  by  further  investigation.  It  is  also  pos¬ 
sible  that  both  approaches  may  be  provided  for  increased  operating  flexibility  and  comparative  evaluation. 

Regardless  of  which  technique  is  implemented,  a  preliminary  analysis  has  indicated  the  present  onco-per-second 
digital  readout  rate  of  the  present  acquisition/tracking  computer  will  not  be  adequate.  From  a  sampling  theory, 
this  rate  limits  the  maximum  unambiguous  analog  bandwidth  to  approximately  one-half  hertz.  The  overall  required 
servo  bandwidth,  on  the  other  hand,  is  expected  to  exceed  10  hertz,  if  no  radome  is  used.  This  obvious  mismatch  can 
potentially  be  a  great  source  of  error  unless  suitable  correction  or  compensation  is  accomplished. 

The  most  straightforward  solution  would  be  to  appropriately  increase  the  digital  computer  read-out  rate  to  provide 
a  match  to  the  servo  bandwidth.  Assuming  this  bandwidth  to  be  a  maximum  of  five  hertz,  the  minimum  digital  com¬ 
puter  read-out  rate  must  be  10  pulses  per  second  to  avoid  ambiguous  responses.  Such  a  rate  is  impossible  to  achieve 
with  the  present  computational  equipment  without  extensive  modification.  Although  the  computational  rate  of  the 
basic  PB  250  computer  is  more  than  adequate  for  this  purpose,  an  additional' high  speed  memory  capability  is  re¬ 
quired,  or  another  small  computer  may  be  required  to  take  care  of  the  bookkeeping  requirements.  Both  approaches 
are  being  investigated,  as  well  as  the  possibility  of  complete  computer  replacement. 

Two  other  somewhat  simpler  approaches  are  also  being  investigated.  The  fast  involves  a  deliberate  bandwidth  mis¬ 
match;  for  example,  a  restriction  of  the  computer  bandwidth  to  approximately  five  hertz.  This  will  naturally  generate 
tracking  errors,  but  preliminary  analysis  indicates  that  they  may  be  acceptable.  If  successful,  the  required  computer 
read-out  rate  will  be  reduced  commensurately.  The  second  approach  involves  the  use  of  a  small  specialized  computer 
or  converter  which  in  essence  can  take  data  at  the  present  once-per-eecond  read-out  rate  and  convert  it  to  the  desired 
tampltag  rate.  This  would  moat  like!)  incorporate  a  power  Serial  LnUUptiilikXi  function  which  could  then  be  Inter¬ 
rogated  at  any  desired  rate.  The  basic  tracking  computer  would  be  additionally  required  to  read  the  various  coefficients 
of  the  power  series  into  this  specialized  function  at  the  once-per-second  rate.  This  does  not  appear  to  be  a  problem, 
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since  all  necessary  computations  would  be  accomplished  off  line  in  non -real  time.  This  latter  approach  is  strongly 
favored  at  this  time  as  being  the  simplest  and  moat  expedient  solution. 

The  servo  bandwidth  requirements  which  have  been  quoted  herein  are  those  which  are  presently  believed  necessary 
to  accomplish  the  acquisition  and  tracking  function  with  the  desired  accuracy.  Maximum  angular  accelerations  of 
four  degrees  per  second  per  second  are  anticipated  during  acquisition  scan  and  initial  acquisition.  When  tracking, 
however,  the  acceleration  is  not  expected  to  exceed  approximately  0.25  degree  per  second  per  second  in  either  dim¬ 
ension  with  a  maximum  rate  of  acceleration  change  not  exceeding  0.03  degree  per  second  cubed.  Angular  tracking 
velocities  will  normally  not  exceed  six  degrees  per  second  in  either  dimension. 

The  computer-aided  angle  tracking  function  will  also  provide  an  invaluable  memory  during  possible  instances  of 
sporadic  signal  dropout  due  to  target  orientation  or  ionospheric  and/or  atmospheric  effects.  The  possible  loss  of  tar¬ 
get  track  should  generally  be  avoided  as  a  consequence.  A  threshold  will  be  required  to  reject  active  monopulse  up¬ 
dating  data  which  does  not  meet  the  minimum  signal-to-noise  ratio.  It  would  also  command  the  computer  directed 
tracking  function  to  continue  open  loop  control  and  perhaps  modify  the  active  monopulse  updating  procedure  to 
temporarily  increase  its  sampling  rate  until  the  crisis  has  passed.  A  “hold”  type  of  display  of  the  monopulse  error 
signal  may  also  be  desirable  to  monitor  the  tracking  errors,  dropouts,  etc.,  and  perhaps  to  permit  incremental  manual 
updating  if  desirable.  Additional  investigation  of  these  possibilities  will  be  accomplished. 

Another  important  use  of  the  computer-aided  tracking  function  will  be  the  re-acquisition  of  satellites  which  cannot 
be  tracked  throughout  their  overhead  passage.  This  tracking  deficiency  is  common  to  almost  all  AZ/EL  mounts,  as 
compared  to  equatorial  mounts,  which  cannot  plunge  through  zenith,  but  must  rotate  up  to  180°  azimuthally  to  con¬ 
tinue  tracking.  The  minimum  period  to  rotate  180°  azimuthally  is  a  total  of  31.5  second,  being  limited  by  the  afore¬ 
mentioned  angular  velocities  and  accelerations.  This  obviously  represents  a  fairly  long  period  during  which  the  computer- 
driven  tracking  function  must  be  sufficiently  accurate  to  permit  re-acquisition.  Whether  this  accuracy  is  achievable 
remains  to  be  determined,  but  there  is  sufficient  evidence  to  indicate  that  it  will  be  in  many  instances. 

Fortunately,  this  period  of  tracking  loss  resulting  from  a  through-zenith  satellite  passage  represents  a  worst  situa¬ 
tion  which  should  occur  much  less  frequently  than  off-zenith  passages  which  suffer  commensurately  less  tracking 
dropout.  For  nominal  satellite  velocities  of  five  miles  per  second,  for  example,  there  should  be  no  loss  of  tracking 
capability,  if  the  normal  distance  from  the  radar  to  the  satellite's  orbital  plane  is  greater  than  50  miles.  This  cor¬ 
responds  to  a  maximum  elevation  angle  of  approximately  71  degrees  during  the  passage  of  a  satellite  at  ISO  miles 
local  elevation. 

The  use  of  computer-aided  range  and  range  rate  tracking  is  also  contemplated.  No  modification  should  be  nec¬ 
essary  to  the  present  computer  program  to  provide  this  data  except  to  increase  the  output  data  rate  beyond  oncc- 
per-tecond  as  previously  mentioned.  The  various  techniques  which  are  being  considered  for  angular  tracking  should 
also  be  applicable  here.  The  specialized  power  series  computer  is  again  favored  at  this  time.  Active  range  and  range 
rate  will  also  be  derived  for  direct  utilization  and/or  computer  data  updating/correction.  As  previously  mentioned  in 
the  angular  scanning  situation,  the  “coasting”  memory  capability  should  be  invaluable  during  those  periods  when 
active  data  is  denied  for  whatever  reason. 

In  conclusion,  preliminary  investigation  indicates  that  the  required  satellite  acquisition  and  tracking  capability 
should  be  feasible  as  outlined.  Additional  instrumentation  and/or  modifications  will  be  necessary,  primarily  in  the 
computer  area,  but  maximum  utilization  of  existing  instrumentation  should  be  possible  to  minimize  such  require¬ 
ments.  A  more  accurate  determination  of  the  achievable  satellite  ephemeris  prediction  accuracies  is  extremely  de¬ 
sirable,  since  this  factor  exerts  such  an  important  influence  upon  the  initial  acquisition  capability.  Additional  studies 
are  also  necessary  and  will  be  conducted  to  firmly  determine  those  modifications  and/or  new  instrumentation  which 
will  be  required. 


APPENDIX  C 

DISTORTION  ANALYSIS  OF  BROADBAND  NETWORKS 

One  of  the  major  problem  area*  in  the  design  of  wideband  systems  is  the  effect  on  the  phase  and  amplitude  of  a 
signal  of  the  dispersive  characteristics  of  components.  Among  the  topics  discussed  are  VSWR,  periodic  phase  and 
amplitude  dispersion,  dynamic  range,  and  the  properties  peculiar  to  the  propagation  constant  of  waveguide.  At  one 
point  of  the  discussion  the  time  si  delobes  due  to  two  mismatches  are  shown  to  be  equivalent  to  a  periodic  phase  and 
amplitude  ripple. 

1.  MISMATCH  EFFECTS 

A  major  factor  that  determines  the  optimum  performance  of  the  Signal  Processing  Test  Facility  is  the  system 
time  sidelobe  requirement.  VSWR  affects  time  sidelobe  performance  as  illustrated  in  the  following  discussion. 

If  two  VSWRs  are  represented  by  reflection  coefficients,  T],  I" 2  they  will  react  according  to  Figure  C-l. 

It  is  assumed  that  the  transmission  line  is  lossless.  The  propagation  constant  is  fi,  and  die  mismatches  are  separated 
by  a  distance  of  £ . 


Figure  C-l.  Spatial  Representation  of  Two  Discontinuities 
A  simple  signal  flow  diagram  of  this  transmission  line  is  given  in  Figure  C*2. 
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Figure  C-2.  Flow  Diagram  Representation  of  Two  Discontinuities 
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Defining  the  output  prior  to  any  multiple  reflection  as 

Ro(|«)-(l  +  ri)(l  +  r2)E0u)e^/  (1) 

The  transfer  function  of  Equation  ( 1)  has  the  effect  of  attenuating  and  phase  drifting  the  input  signal  by  a  negli¬ 
gible  amount.  This  can  be  illustrated  by  diowing  that  for  passive  discontinuities 


(l-|e||<  |l4-rt  ♦r2^rg  r2|<  I  where  |e|«l 

and  that  the  argument  of  this  expression  is  near  zero  when  the  absolute  values  of  the  reflection  coefficients  are  small. 
The  exponential  in  equation  (1)  has  the  effect  of  delaying  and  dispersing  the  waveform  according  to  the  length  and 
cutoff  conditions  of  the  waveguide. 

The  effects  introduced  in  equation  ( I )  do  not  appear  to  be  of  m^or  concern  and  so  wffl  be  neglected  in  the  fol¬ 
iowing  analysis,  instead,  we  wffl  examine  the  effects  of  distortion  on  the  signal  as  produced  by  the  next  order  of 
interactions  between  reflection  coefficients. 


The  first  multiple  reflection  (or  echo)  is 


R,(M«r,  iy^RoGw) 


(2) 


The  output  and  first  echo  are 


R(M -  Ro+  R,  -  (1  ♦  Tj  r2*^  1  Rofl") 

The  second  term  on  the  right  hand  side  of  equation  (3)  may  be  written  at 

r1r2e*^/R^(|«)-  |rt  r2|  eW^R^e'^" 


(3) 


(4) 


where  the  wavecuide  dNwrtSnn  has  been  ne  acted.  Le„ 
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|rt  r2|  is  the  absolute  value  of  the  product  of  ths  reflection  coefficients,  and  d(w)  is  the  angle  of  that  product, 

tar1  lw(r»r2> 

ReCT,^ 

4  can  Iwaeea  from  Inspection  of  aquation  (4)  <Mt  die  last  term  is  an  echo  of  the  original  dgasl  bounded  above 
louim,  distorted  by  the  frequency  dependence  of  I  r*|  r2j  and  iju),  and  delayed  in  time  by  an 
by  the  exponent  factor  [Tile] .  Tha  phase  drift  «(<o)  has  some  nominal  constant  value  over  the 
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^sumption  shoe  Mean  be  town  that  the  phase  drift  of  most 
types  of  dhoontkultlss  varies  only  rt^itly  over  the  useable  microwave  bandwidth.  This  is  especially  two  if  the 
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In  order  that  the  sidelobe  level  satisfy  the  40  db  receiver  sidelobe  requirement  the  following  relations  must 
apply. 


or 


10  log  <  10  log  r,  r2 


|r'r2|1™x<104 


max  <  -40 


then 


r.  r2  <  o.oi 

1  *■ 1  max 


(5) 


Manipulation  of  |  Tj  |  and  J  f2|  allows  one  to  establish  similar  restriction  on  their  reference  plane  VSWRs 


<  iL0l)_s.i.-" .  (6) 
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This  gives  the  shaded  region  in  Figure  C-3.  To  use  Figure  C-3,  assume  that  the  VSWR  derivable  from  Tj  is  S|  where 
Smax  =  Sj  >  S2  and  locate  its  value  on  the  abscissa.  Then  S2  may  be  any  value  along  its  vertical  intersect  within  the 
shaded  region.  If  more  than  two  discontinuities  are  present,  then  Sn  for  n  >  2  can  also  be  found  by  tottu/iij  Si * 
Smax  >Sn.WhenS,  <  1 .22,  all  S„  being  less,  the  condition  for  maximum  distortion  sidelobe  is  met  jy  the  4S° 
straight  line.  For  values  of  Si  >  1.22,  equation  (6)  takes  over  thereby  restricting  the  upper  limit  on  S„,n>  2. 

For  example,  if  one  discontinuity  were  relaxed  so  as  to  permit  a  VSWR  of  1 .35,  all  the  other  discontinuities  in  all 
the  subsystems  must  be  tightened  to  1.142.  It  could  not  be  sufficiently  predicted  how  to  allocate  these  different 
values  of  VSWR  at  this  time.  It  was  decided  therefore  to  restrict  all  the  VSWRs  equally  to  the  nominal  value  of  1.2. 

Waveguide  dispersion  was  neglected  in  the  computation  of  the  above  analysis.  However,  the  effect  of  dispersion 
will  be  to  further  reduce  the  sidelobe  level  because  the  echoes  must  travel  through  greater  waveguide  lengths  and  ate 
therefore  dispersed  more  than  the  compensated  main  lobe. 

2.  PHASE  AND  AMPLITUDE  DISTORTION 


For  the  purpose  of  this  discussion,  we  shall  define  any  in-band  deviation  from  a  straight  line  of  the  phase  response 
as  phase  distortion.  Amplitude  distortion  shall  be  defined  as  the  deviation  from  a  line  hiving  zero  dope  of  the  ampli¬ 
tude  response.  It  is  assumed  that  amplitude  weighting  will  be  accomplished  in  some  portion  of  die  system.  To  make 
such  equalization  possible,  the  effects  of  the  remainder  of  the  components  must  result  in  a  flat  characteristic. 

The  time  sidelobes  generated  from  phase  and  amplitude  distortion  over  the  frequency  bandwidth  are  illustrated 
below.  Since  any  arbitrary  function  continuous  in  its  range  of  definition  may  be  represented  as  a  spectrum  of  periodic 
functions,  we  may  discuss  the  time  uoelobe  effects  of  periodic  distortions  without  loss  in  generality. 

Assume  a  network  has  some  amplitude  distortion  denoted  by 


A(w)  *  -^2-  ♦  si  cos  ccj 
2 


(7) 


and  tome  phase  distortion  denoted  by 


The  entire  transfer  function  is  given  by 


H(u>)  -  A(w)ei0M 


where  H0(w)  is  the  transfer  function  of  an  undistorted  network, 


The  impulse  response  of  this  function  is 


JoO>l)ho(t-bo)  + 


Jl(bi)Mt-bo+ci) 


J1  (bj)  1100-60-01)  + 


Jo  0>i)ho(t  -  b0  +  c) 


J0(bl)h0(t-b0-c)  + 


Frequency  respond*  with  the  type  of  distortion  represented  oy  equations  (7)  and  (8)  describe  the  behavior  of  such 
devices  as  slow  wave  structures  and  all  pass  networks.  The  output  response  of  a  network  described  by  equations  (9) 
and  (10)  are  shown  in  Figure  C-4. 


For  small  arguments 


For  relatively  small  values  of  amplitude  and  phase  distortion,  i.e. 


the  last  term  in  equation  (10)  becomes  negligible  resulting  in  die  following  simplification, 
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Figure  C-4.  Signal  Representation 

The  fint  term  in  die  right  hand  member  is  the  main  lobe  shifted  by  a  time  b0  (linear  phase  term).  The  second  term 
is  a  pair  of  sidelobes  of  relative  amplitude  bj/2  and  ahifted  plus  C]  and  minus  C] .  The  third  term  la  a  pair  of  aidelobes 
of  relative  amplitude  a|/a0  shifted  plus  c  and  minus  c.  In  order  that  sidelobes  are  less  than  -40  db  from  the  main  lobe 
die  following  conditions  must  exist. 


If  cj  *  c  and  if  a]/b]<  0,  then  for  the  two  pairs  of  echoes  discussed  above,  the  two  leading  echoes  will  add  out  of 
phase  and  die  two  lagging  echoes  will  add  in  phase,  hence 


The  voltages  are  added  in  this  last  expression  because  the  A («)  and  B(«)  assumed  above  result  in  the  same  phasor 
for  the  time  sidelobes.  The  inequalities  are  satisfied  when  the  peak  phase  distortion  over  the  bandwidth  is  less  than 
.02  radians  (1.2  degrees)  or  when  the  amplitude  dispersion  is  less  dun  1/100  Sq  (0.1  db). 
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ROwj-RoOwHi+rj  r2e-2i*4 
-R0flW)[i  +  r1r2«^W,^‘i 


(16) 


when  Tj  and  r2  an  reflection  coefficients  of  each  diicoatinuity,  separated  by  a  distance  /,  and  c0  is  the  velocity 
of  propagation  for  a  distortionless  transmission  line. 

With  the  same  assumption  that  Tj  and  r2  an  small,  the  expression  in  the  brackets  of  equation  (16)  can  be  ap¬ 
proximated  by: 


(i  ♦  |rt  r2|  *  (i  ♦  |  rj  r2|  cos  (a d  ♦#)]  e^  lri  r2l  *ta(2k^  (17) 

when 


#-a«irir2 

In  tin  diacusaian  on  echo  produced  by  two  discontinuities  we  recall  that  the  left  hand  member  of  the  aboee  ex- 
pnssion  npnaenti  a  time  sidelobs  of  amplitude  |  Tj  r2|  displaced  lj  lie  from  the  main  lobe.  Substitution  of  tha 
parameters  of  A(<u)  and  B(m).  of  equations  (7)  and  (8),  respectively,  with  those  of  the  riflt  hand  member  of  cqm- 
tion  (17)  gives 
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b0  has  been  omitted  since  it  produces  a  constant  time  shift  for  the  entin  time  nspoasa,  and  is  therefore  hnmateeial 
forour  dteusakm. 

The  sidalohot  produced  by  VSWKs  an  in  agreement  with  thorn  prodaood  by  the  periodte  phase  and  mapUtads 
distortion  resulting  from  such  dhcontinuitiee  at  can  he  sem  by  the  substitutions  of  the  Ts  for  the  A(w)  and  ■(«) 
parameters  in  equation  (IS)  to  obtain  (3). 
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H-HH  *  | ri  r2J< o.oi  (19) 

It  ihould  be  noted  that  the  limits  of  periodic  phase  and  amplitude  distortion  must  be  jointly  specified  when  their 
periodicities  are  identical.  This  is  accomplished  more  conveniently  by  establishing  maximum  VSWRs  for  each  sub- 
aaaembly.  Specifying  maximum  phase  and  amplitude  ripple  is  applicable  for  devices  that  have  independent  loss  or 
phase  shifts  not  resulting  from  reflective  discontinuities. 

This  analysis  has  been  carried  out  only  to  a  first  order  approximation. 

3.  DYNAMIC  RANGE 

If  nonlinear  characteristics  are  encountered  in  any  of  the  receiver  components,  such  as  the  tunnel  diode  amplifier, 
undesired  signal  degradation  may  occur.  This  may  take  the  form  of  signal  suppression,  signal  distortion  and/or  spurious 
signal  generation.  The  range  of  signal  levels  over  which  the  aforementioned  signal  degradation  falls  within  specified 
limits  is  commonly  referred  to  as  the  linear  dynamic  range  of  that  device  or  system. 

The  term  “instantaneous”  dynamic  range  is  used  to  describe  the  capability  of  a  device  or  system  to  simultaneously 
handle  two  or  more  spectral  components  or  signals  within  specified  limits  of  degradation.  Manual  or  automatic  gain 
control  may  also  be  used  to  shift  the  absolute  magnitude  of  incoming  signals  to  the  region  corresponding  to  the  op* 
timum  “instantaneous”  dynamic  range.  This  latter  technique  serves  to  increase  the  overall  dynamic  range  with  re¬ 
spect  to  absolute  signal  levels,  but  does  not  normally  affect  the  achievable  “instantaneous”  dynamic  range. 

If  nonlinear  response  of  the  device  or  system  is  expressed  in  terms  of  a  power-series  expansion,  the  sources  of 
degradation  are  quite  apparent. 


*t)«iWt)l«c0+c,  f(t) 

+  c2  Wt)]2  +  C3  [f(t)l3 


♦Cn[«t)|" 


-  CN[f[t]]N  (20) 

The  term  corresponding  to  N  ■  1  expresses  the  linear  gain  function.  In  order  to  minimize  signal  degradation  due 
to  the  other  higher  order  terms,  this  coefficient  should  be  large  compared  to  the  higher  order  coefficients. 

The  term  corresponding  to  N  ■  2  convolves  the  various  signals  with  one  another  and  with  themselves.  The  first 
operation  results  in  intermodule tkm  distortion  while  the  second  introduces  square-law  distortion.  This  effect  can  be 
illustrated  quite  easily  using  two  time-varying  signals  composed  of  discrete  spectral  components.  Ignoring  absolute 
phase  of  any  component,  since  it  does  not  affect  the  resultant  spectral  power  density,  the  nonlinear  second-order 
effect  upon  any  one  component  from  each  signal  can  be  represented  as  follows: 


[cos(2fa>|  t)+  1]  + 


[cos  (2cu>2  0  +  1] 


The  first  two  terms  represent  square  law  distortion  while  the  last  term  represents  the  intermodulation  distortion, 
Although  the  intermodulation  term  is  undesirable  from  the  standpoint  of  desired  signal  degradation  in  a  linear  pro* 
cessor  such  as  an  amplifier,  it  is  absolutely  essential  in  a  linear  frequency  translator  or  mixer. 


The  terms  designated  by  N>  3  gives  rise  to  cross  modulation  effects  and  intermodulation  products.  (Cross  modula¬ 
tion  is  defined  as  the  modulation  of  one  signal  by  another.)  For  example: 


=  J  [a^cos  wfc  t]2ajcuscjj  t 

Since  [a;  co*  coj  tj 2  *  aj/2  [co*  2/oj  i  +  !  J 
The  first  term  expands  to 


(coa  2o>j  t)  cos  wjj  t  + 


ap  a^  [cos  (2u>j  +  wjJ  t  +  cos  -  wj^)  t) 


The  first  term  of  this  final  expansion  is  an  intermodulation  effect.  If  is  close  to  the  intermodulation  term 
(2uij  -  cofc)  will  in  many  instances  fall  within  the  desired  signal  passband.  If  a;  and  a^  are  modulation  functions,  the 
resultant  product  will  also  modulate  the  spurious  intermodulation  signal. 

The  second  term  of  this  expansion  is  the  cross-modulation  effect.  The  term  aj2  multiplies  a^coau^  t  directly, 
resulting  in  a  transference  of  a  distorted  modulation  term  (if  a{  represents  a  modulation  coefficient)  to  the  other 
signal. 


This  same  thing  win  occur  for  all  higher  order  terms  in  the  Taylor  expansion.  In  order  to  maintain  a  low  level  of 
cross/in termodulation  spurious,  it  is  necessary  that  the  desired  or  incoming  signals  be  small  and  that  the  coefficients 
c„  be  small  for  all  n  £  3  and  large  for  n  ■  I .  The  coefficient  C2  should  be  large  only  if  the  device  is  to  be  used  as  a 
mixer. 
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In  order  to  satisfy  the  system  requirements  of  1 1/4  db  amplitude  accuracy  and  ±4°  phase  accuracy,  it  is  nec¬ 
essary  that  the  in-band  cross  modulation  and  intermodulation  products  be  maintained  below  a  certain  maximum. 


20  log  (-AE-  )  *  -30.45  db  max.  (27) 

E 

and  therefore  the  total  spurious  level  throughout  the  system  must  be  below  -30.45  db  in  order  to  satisfy  the±  1/4 
db  amplitude  accuracy  requirement. 

By  a  similar  analysis ±  4°  *  ±  .07  radians  implies  an  error  voltage  of  1  J0.07E  and 


20  log  20  log  (.07)  -  -23.1  db  max.  (28) 

£ 

and  therefore  the  total  spurious  level  must  be  below  -23.1  db  in  order  to  satisfy  the  ±4°  phase  accuracy  require¬ 
ment. 


Since  the  target  may  vary  in  range  from  100  to  600  miles  an  additional  30  db  dynamic  range,  not  necessarily  in¬ 
stantaneous,  was  added  to  the  specification.  This  is  computed  by 


For  amplitude  accuracy: 


±  _L  db- 10 log  1.06, 10 log 0.945 
Thus  if  AE  is  the  error  voltage  due  to  spurious 


— E  +  A3  «Vu)6-1.03 

E 

and 


AE  -  .03E 


then 


The  radar  is  required  to  resolve  individual  target  signals  ranging  over  30  db.  The  crocs  modulation  products 
therefore  must  be  less  than  -60.45  db  from  the  larger  signal  or  -30.45  db  from  the  small  signal  in  order  to  satisfy  the 
amplitude  accuracy  requirements.  The  most  extreme  condition,  the  presence  of  two  high  amplitude  signals,  is 
moat  apt  to  upset  this  -60.45  db  requirement.  It  is  believed  that  the  possibility  of  this  occurring  is  remote  and  so  the 
specification  for  cross  modulation  was  relaxed  to  -20  db  maximum  from  the  low  level  signal,  a  figure  more  compatible 
with  the  present  state  of  the  art.  This  will  result  in  a  maximum  accuracy  degradation  only  for  large  target  signals  of 
approximately  0.8  db  and  a  maximum  phase  inaccuracy  of  5.7  degrees. 
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This  relaxation  in  the  requirement  implies  a  50  db  instantaneous  dynamic  range  rather  than  60.45  db  if  the  1/4  db 
accuracy  were  to  be  upheld. 
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Substitution  of  equations  (40)  into  (36.2)  solves  for  A  and  B,  our  best  fit  straight  line  equation  (31.1)  becomes 


y  *  8.14155  x  10*  f- 10.503528  radians  per  foot  of  waveguide  (4‘) 

The  best  fit  time  delay  introduced  by  one  foot  of  RG-48/U  waveguide  over  the  bandwidth  3.10  to  3.60  GHz  is 


-4JL  «  1.29577  x  10*  sec/foot 


as  compared  to 


dfmVS)  .  1.01676  x  10*  sec/foot 


for  free  space  or  a  non  dispersive  transmission  line. 

This  best  fit  line  also  has  an  associated  constant  phase  shift  of 


B-  -10.503528  radians/foot 


The  distortion  of  the  waveguide 


is  determined  as 


6.388501 V(fx  10*T  -  4.317470  -(8.14155  x  10*  f  - 10.503528)  radians/foot 


This  has  been  computed  and  is  shown  in  Table  C-l  for  various  values  of  frequency  (0- 


TABLE  C-l 


#4<radiaiu/ft) 


^(degreet/ft) 


-1189 

-1.009 

-0.127 

+0.481 

+0.835 

+0.9551 

+0.857 

+0.556 

+0.066 

-0.601 

•1.434 


.038211 

-.017614 

-.002217 

+.006391 

+.014578 

+.016670 

+.014959 

+.009708 

+.001155 

-.010487 

-.025022 


These  values  are  shown  plotted  in  Figure  C-5 


Furthermore  the  distortion  is  a  maximum  when  f  =  3.352  GHz  and  the  phase  constant  of  the  waveguide,  fi, 
crosses  the  straight  line  y  at  f  «  3.20885  GHz  and  f  *  3.5056  GHz.  That  is 


pg  (2*0  *  .016673  radians  =  0.9553  degreei/ft 


f«  3.352  GHz 


f  *  3.2089  GHz 


f=  3.5056  GHz 


It  can  also  be  seen  that  the  total  excursion  in  #4  is 


3.144  degrees/ft 


across  the  bandwidth. 


If  the  total  amount  of  waveguide  is  65  feet  the  total  excursion  in  phase  over  the  bandwidth  of  operation  is  204 
degrees. 


The  phase  dispersion  product  is  plotted  in  Figure  C-S.  The  dispersion  fa  mostly  quadrat  c,  and  compensation 
be  provided  by  simply  adjusting  the  linear  Fid  ramp  generated  in  the  signal  processor. 


CONCLUSIONS: 


The  importance  of  maintaining  reflection  coefficients  below  a  minimum  level  has  been  illustrated.  It  has  been 
shown  that  all  discontinuities  in  the  microwave  transmission  line  system  must  be  held  to  a  value  corresponding  to  a 
VSWR  of  1 .22: 1  maximum  in  order  to  maintain  target  echoes  below  40  db.  If  this  conditionis  met  any  periodic  com¬ 
ponent  of  the  distortion  of  the  amplitude  response  will  be  0.1  db  peak  and  any  periodic  component  of  the  phase 
distortion  will  be  1 .2  degrees  peak. The  above  relationships  have  been  verified  by  paired  echo  theory. 

Since  reflection  coefficients  in  transmission  line  systems  give  rise  to  phase  and  amplitude  dispersion  transferable 
to  time  sidelobes  one  might  consider  specifying  broadband  microwave  system  performance  in  time  domain  param¬ 
eters  rather  than  the  very  familiar  frequency  parameters. 

Spacing  of  discontinuities  is  also  important.  Depending  on  the  design  philosophy,  spacing  may  be  such  that  no 
pair  of  discontinuities  ever  produces  a  sidelobe  with  the  same  delay  as  that  produced  from  any  other  pair  of  dis¬ 
continuities.  Under  these  conditions  no  two  sidelobes  may  add  together  to  produce  one  of  greater  magnitude.  Spac¬ 
ing  of  such  discontinuities  in  this  manner  also  results  in  a  pseudo-random  phase  and  amplitude  response  across  the 
operating  bandwidth.  Any  periodic  component  of  such  a  response  will  usually  satisfy  the  conditions  for  low  sidelobe 
performance  if  each  reflection  coefficient  is  less  than  0.1. 

Spacing  of  discontinuities  may  also  be  applied  to  cancel  out  sidelobes.  This  can  be  viewed  as  a  form  of  equalizing 
discontinuities  with  other  discontinuities  existing  within  the  system. 

In  cases  where  distances  between  discontinuities  exceed  one  half  the  high  resolution  range  window  the  restric¬ 
tions  on  maximum  reflection  need  not  apply. 

Isolators  and  electrically  switched  phase  shifters  should  be  used  when  necessary  to  reduce  sidelobes. 

The  discussions  carried  out  in  this  work  are  for  first  order  sidelobes  only  and  are  valid  for  reflection  coefficients 
in  the  order  of  one  tenth.  Only  sidelobes  greater  than  -40  db  were  considered. 

It  has  also  been  shown  that  sufficient  linearity  must  be  maintained  for  such  components  as  tunnel  diode  ampli¬ 
fiers  and  mixers  in  order  that  relatively  small  targets  can  be  recorded  within  a  sufficient  level  of  accuracy. 

Finally  the  total  waveguide  runs  will  produce  a  quadratic  phase  dispersion  having  a  peak  value  of  200  degrees 
maximum  and  compensation  for  such  must  be  provided  by  the  signal  processing  subsystem. 
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APPENDIX  D 
POWER  AMPLIFIER 

The  requirements  for  the  power  amplifier  for  Phase  II  of  the  Signal  Processing  Test  Facility  place  demands  on  the 
microwave  tubes  that  significantly  exceed  the  capabilities  of  existing  devices.  The  operating  characteristics  of  the 
required  amplifier  are  as  follows: 


Center  Frequency 
Electronic  Bandwidth 
Duty  (RF) 

Pulse  Length  (RF) 

Gain 

Peak  Power  Output  (mean) 


33S0MHz 
500  MHz 
.0028 

40  microseconds 
87  db 
7.15  Mw 


Stringent  phase  linearity  requirements  are  also  placed  on  the  amplifier  which  compound  developmental  difficulties. 
The  unconected  value  of  phase  deviation  from  linearity  must  be  less  than  90  degrees  over  the  central  400  MHz  of 
the  operating  band. 

The  above  requirements  are  entirely  too  difficult  to  be  achieved  within  the  one  year  development  schedule  es¬ 
tablished  for  the  program.  An  interim  amplifier  will  therefore  be  developed.  For  this,  the  requirements  for  band¬ 
width,  average  power,  and  pulse  length  will  be  reduced  by  a  factor  of  two.  The  remaining  requirements  will  be  es¬ 
sentially  unchanged.  The  principal  considerations  in  the  choice  of  tubes  will  be  as  follows: 

1 .  The  entire  amplifier  chain  must  be  operational  within  a  maximum  period  of  six  months.  This  requires  that 
tubes  be  shelf  items,  or  at  the  very  most,  require  minor  modification. 

2.  Phase  characteristics  of  the  amplifier  must  be  suitable  for  adequate  system  performance. 

3.  The  amplifier  configuration  should  be  straightforward.  Parallel  operation  of  output  tubes  should  be  avoided. 
Space  is  at  a  premium  and  it  is  desirable  that  the  amplifier  be  as  compact  as  possible. 

4.  The  type  of  tubes  employed  should,  if  possible,  be  suitable  for  phase  two  operation.  This  is  necessary  to  pre¬ 
clude  major  site  modifications  at  the  time  of  changeover. 

A  product  survey  was  conducted  to  determine  output  tubes  that  could  'e  adapted  to  Phase  I  operation.  This 
survey  revealed  only  two  suitable  tubes.  One  is  a  reentrant  type,  backward  wave,  crossed  field  amplifier  and  the 
other  is  a  hybrid  TWT.  The  typical  characteristics  of  each  of  these  are  listed  in  Figure  D-l  together  with  the  Phase  I 
requirements. 


Crossed-Field 

Amplifier 

Hybrid  TWT 

Required 

Center  Frequency 

3.0  GHz 

2.75  GHz 

3.35  GHz 

Bandwidth 

200  MHz 

247  MHz 

250  MHz 

Peak  Power 

3.0  Mw 

7.2  Mw 

7.15  Mw 

Average  Power 

15.0  Kw 

10  Kw 

14.0  Kw 

Pulse  Length 

10  microseconds 

15  microseconds 

20  microseconds 

Gain 

8  db 

37  db 

Figure  D-l 

Due  to  the  fact  that  the  assigned  frequency  for  this  system  was  3.35  GHz  use  of  either  type  of  tube  would  require 
a  shift  in  center  frequency  and  an  increase  in  pulse  length  capability.  These  changes  could  be  accomplished  within 
the  required  six  month  period.  The  crossed  field  amplifier  would  also  require  an  improvement  in  electronic  band* 
width.  This  type  of  change  would  very  likely  require  considerably  more  than  six  months  and  the  confidence  that 
could  be  placed  in  developing  a  suitable  tube  in  the  required  time  would  be  very  low. 

A  comparison  of  the  phase  characteristics  of  the  two  types  of  tube  indicates  that  the  phase  sensitivity  to  voltage 
change  is  much  superior  in  the  CFA.  Published  data  indicates  that  a  one  percent  voltage  change  will  cause  leu  than 
a  0.5  degree  change  in  the  CFA  and  28.0  degrees  in  the  beam  tube.  This  higher  value  in  the  beam  tube  does  not 
disqualify  it,  however,  since  the  pulse  voltage  can  be  maintained  within  0.1%.  This  results  in  uncorrected  phase 
ripple  of  2.8  degrees  which  is  well  within  the  capability  of  the  system.  The  phase  linearity  as  a  function  of  fre¬ 
quency  is  also  superior  in  the  CFA,  however,  the  requirement  for  additional  tubes  in  a  series  chain  would  be  ex¬ 
pected  to  result  in  overall  characteristics  comparable  to  the  beam  device.  The  maximum  deviation  from  linear  in  the 
beam  tube  is  expected  to  be  less  than  45  degrees.  This  is  near  the  maximum  value  that  could  be  tolerated  but  it  is 
still  an  acceptable  level  considering  that  30  of  the  45  degrees  will  describe  a  smooth  curve  with  no  more  than  two 
complete  cycles. 

In  order  to  evaluate  system  complexity,  a  block  diagram  employing  each  type  of  tube  is  shown  in  Figure  D-2. 

The  two  driver  tubes  would  be  the  same  in  either  system  and  would  have  full  Phase  II  bandwidth  capability.  A  sys¬ 
tem  based  on  use  of  the  CFA  is  by  far  the  more  complex  of  the  two  requiring  three  additional  tubes,  a  broadband 
waveguide  combiner,  and  a  moderate  power  hybrid  or  isolator  system.  Moreover,  the  use  of  parallel  output  tubes 
would  require  tubes  with  carefully  matched  characteristics.  The  CFA  system  would  be  expected  to  be  less  reliable 
and  more  difficult  to  maintain  in  operation.  It  would  also  require  more  space  which  is  at  a  premium  on  the  antenna. 

The  adaptability  of  the  Phase  I  tubes  to  Phase  II  is,  as  previously  mentioned,  a  very  important  consideration. 

The  modification  of  either  type  of  tube  is  considered  possible  although  either  would  represent  a  major  advance  in 
the  state  of  the  art.  The  development  of  CFA  for  Phase  II  would  require  extensive  development  work  to  achieve  the 
required  bandwidth  and  power  even  if  parallel  tube  operation  was  employed.  If  a  single  tube  was  to  be  used,  the  de¬ 
velopment  would  be  even  more  extensive.  Likewise,  the  driver  CFA  would  also  require  development  with  the  re¬ 
sult  that  several  tube  developments  must  be  pursued  simultaneously.  The  development  of  a  Phase  II  hybrid  TWT 
would  be  more  straightforward.  The  gun,  driver,  and  collector  section  are  within  the  current  state  of  the  art.  The 
major  problem  would  be  the  output  circuit  design.  The  centipede  traveling  wave  circuit  has  demonstrated  an  eighteen 
percent  bandwidth  at  X-band.  It  is  considered  capable  of  the  required  power  although  it  would  require  some  de¬ 
velopmental  effort  The  circuit  can  be  employed  with  a  high  degree  of  confidence  in  achieving  a  suitable  tube. 


Figure  D-2.  Companion  of  Amplifier  Chains 


®5f§?  ■: 


,  . :*z,  .  ,  y  •-**.* 

■  Vj W* y£\y  ■ *r&y\  . 

■  *>  2%$&s$k 


Tobt  Dtv.,  No  Alto.  CaUfbrak. 


•.  sswftsFW?  •  >«vi 

%# 

*•>-  v 


- 

li® 

V® 

5? 

APPENDIX  E 

SYSTEM  SPECIFICATIONS 


The  Signal  Processing  Test  Facility  will  be  a  high  power,  wide  bandwidth  pulse  compression  radar  capable  of  track¬ 
ing  orbiting  space  objects  and  obtaining  high  resolution  amplitude  and  phase  vs  range  profiles-  This  information  will 
be  recorded  on  magnetic  tape  for  subsequent  analysis.  The  radar  will  be  completed  in  two  phases  to  permit  experi¬ 
ments  at  an  early  date  with  somewhat  reduced  performance.  The  general  parameters  of  die  radar  are: 


Phase  I 

Phase  II 

Peak  power 

8.5  mw 

10  mw 

Average  power 

10  kv 

20  kw 

Center  frequency 

3350  MHz 

33S0MHz 

Modulation  bandwidth 

250  MHz 

500  MHz 

PRF 

70pps 

TOpps 

Pulse  width 

20psec 

40/uec 

Unambiguous  range  window 

100  ft 

100  ft 

Polarization 

Transmit  vertical 

Receive  -  Simultaneous  vertical 
and  horizontal  in  both  Phase  I 
and  Phase  II 


A.  FIVE  HORN  MONOPULSE  FEED 


The  feed  assembly  design  dull  consist  of  a  center  horn  and  four  peripheral  horns  arranged  to  furnish  the  trans¬ 
mitting  and  receiving  capabilities  further  described  herein. 

The  center  horn  shall  transmit  vertical  polarized  energy  and  receive  simultaneously  both  vertically  and  horizontally 
polarized  signals.  During  reception,  the  center  horn  shall  be  capable  of  providing  three  signal  channels.  One  shall  be 
a  narrow  band  vertically  polarized  channel  for  developing  the  azimuth  and  elevation  tracking  reference  signal.  The 
other  two  shall  be  for  the  orthogonally  polarized  500  MHz  bandwidth  information  signals.  The  information  channels 
shall  be  equalized  (i.e.,  balanced)  throughout  the  feed  structure  so  that  relative  phase  and  amplitude  information  of 
die  orthogonal  received  signals  shall  be  preserved  throughout  the  feed  structure. 

The  peripheral  horns  which  are  used  only  for  receiving  shall  be  vertically  polarized  and  shall  perform  as  a  narrow 
band  monopulse  system  with  the  reference  signal  being  developed  in  the  center  horn.  The  vertically  oriented  horns 
shall  be  used  to  derive  the  elevation  tracking  signals  and  die  horizontally  oriented  horns  to  derive  the  azimuth  track¬ 
ing  signals. 


%  -v.r- 


(a)  Characteristics  of  Feed  Assembly 
(1)  Center  horn 

a  The  center  hom  shall  provide  the  following: 

J.  Polarization -Transmit -vertical 

Receive  -  vertical  and  horizontal 

2  Bandwidth  -  500  MHz  centered  at  3350  MHz 

3  Power  - 10  MW  peak  and  20  KW  average 

The  transmit  channel  shall  be  pressurized.  Furthermore,  the  effects  of  pressurization  on  maintaining  balance 
between  the  two  information  channels  shall  be  examined.  The  contractor  shall  supply  a  pressurization  window  for 
30PSIG. 


k 


4  VSWR  -  VSWR  measured  at  the  input  to  the  antenna  feed  system  (i.e.,  input  to  the  transmit  channel) 
shall  be  1.1:1  across  the  operating  band. 

5  Receive  interchannel  isolation  -  Cross  coupling  between  orthogonally  polarized  signals  shall  be  no 
greater  than  30  db.  As  a  design  goal,  40  db  coupling  is  sought. 


b  The  center  hom  shall  be  designed  such  that  the  broadband  information  channels  shall  be  connected  to 
RG-48/U  hard  drawn  waveguides  which  terminate  with  UG-65/66/U  flanges  in  an  existing  transmitter-receiver  en¬ 
closure  located  on  the  antenna  pedestal.  The  R&48/U  waveguide  runs  (approximately  20  feet)  and  all  gaskets,  hard¬ 
ware,  and  support  brackets  shall  be  delivered  and  installed  as  part  of  the  feed. 

1  Both  of  the  entire  information  channels  from  the  mouth  of  the  hom  to  the  output  UG-65/66/U  flanges 
shall  be  electrically  balanced  over  the  operating  band  such  that: 

i 

(aj  Differential  phase  dispersion  between  channels  shall  not  exceed  +  3°. 

(b)  Differential  amplitude  response  between  channels  shall  not  exceed  +  0. 1  db. 


2  Each  channel  as  defined  above  shall  be  designed  such  that  it  has  the  following  phase  dispersion  and 
amplitude  response  over  the  operating  band. 


(a)  Total  phase  dispersion  -  less  than  260° 

(b)  Maximum  phase  ripple  -  periodic  0.1° 

random  2.0° 

(c_)  Maximum  amplitude  ripple- periodic*  0.2  db 

random*  1.0  db 

(d)  Insertion  loss  less  than  0.3  db 
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(2)  Peripheral  horns 

a  The  four  peripheral  horns  which  form  narrow  band  tracking  error  channels  will  be  used  on  receive  only 
and  shall  possess  the  following  operational  characteristics. 

1_  Polarization -vertical 

2  Bandwidth  - 1  SO  MHz 

3  Interhorn  isolation  -  On  transmit  from  the  center  hom,  the  energy  coupled  into  the  peripheral  horns 
shall  be  at  least  30  db  down  from  the  transmit  level.  The  contractor  shall  consider  the  effects  caused  by  the  energy 
which  is  coupled  into  the  narrow  band  channels.  Also  the  effects  of  the  energy  which  is  not  directly  coupled  but 
reflected  toward  the  target  and  received  in  the  information  channel  as  ambiguous  target  information  shall  be  ex¬ 
amined  and  minimized. 

4  Error  channel  VSWR  -  The  VSWR  of  the  azimuth  and  elevation  error  channels  looking  into  the  hy¬ 
brid  coupler  toward  the  horns  shall  be  less  than  1.1:1  for  either  channel. 

b  The  outputs  of  the  error  channels  developed  in  the  hybrid  couplers  shall  terminate  in  7/8  inch  rigid 
coaxial  line  which  transmits  the  signals  to  the  transmitter-receiver  enclosure.  The  contractor  shall  provide  the  trans¬ 
mission  lines  (approximately  20  feet)  and  installation  hardware  and  install  this  interconnection  as  part  of  the  feed 
assembly. 

c  The  contractor  shall  terminate  the  sum  outputs  of  the  difference  signal  combiners  with  removable  dummy 
loads  and  provide  an  additional  sum  combiner  with  7/8  inch  rigid  coaxial  line  so  that  the  reference  signal  from  the 
peripheral  horns  can  be  obtained  in  the  transmitter-receiver  enclosure.  This  installation  shall  be  made  and  tested  at 
the  Floyd  Test  Site  then  deactivated  by  removing  appropriate  jumpers  and  replacing  the  dummy  loads.  Caps  shall 
be  provided  to  protect  all  unused  coaxial  fittings  from  weather  or  mechanical  damage  and  a  suitable  storage  bracket 
for  wall  mounting  shall  be  provided  for  storage  of  all  unused  fittings. 

d  The  entire  feed  package  shall  be  subjected  to  outdoor  weather  conditions  as  they  occur  at  the  Floyd 
Test  Site,  Floyd,  New  York.  Consequently,  the  peripheral  hom  assembly  shall  be  supplied  with  weather-proofing 
radomes. 

(b)  The  feed  design  shall  provide  the  primary  illumination  such  that  the  antenna  system  shall  exhibit  the  follow¬ 
ing  secondary  pattern  characteristics. 

(1)  Transmit  -  The  antenna  shall  have  a  pencil  transmit  pattern  specified  as  follows: 

a  Gain  -  A  minimum  of  S3  db  above  isotropic  across  the  operating  frequency  band. 

b  Sidelobes  -  All  si  delobes  in  the  radiation  pattern  shall  be  at  least  20  db  down  from  peak  of  main  beam  in 
both  E  and  H  planes. 

c  Beam  width  -  Shall  be  a  nominal  value  consistent  with  sidelobe  requirements. 
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(2)  Receive 


a  Broadband  information  channels  shall  conform  to  the  following  specifications: 

1  The  orthogonally  polarized  information  channels  shall  each  possess  Gain  and  Sidelobe  characteristics 
with  beam  width  considerations  as  specified  in  b(l)  above.  Furthermore,  the  gain  of  the  orthogonal  channels  shall  pro¬ 
vide  compatibility  with  the  pre-cpecified  differential  amplitude  response  between  channels  of  +  0.1  db. 

b  Tracking  channels  •  The  difference  patterns  for  both  tracking  planes  shall  have  the  following  character¬ 
istics: 


1  Gain -A  minimum  of  47  db  above  isotropic. 

2  Sidelobes  -  At  least  18  db  down  from  peak  of  main  beam  of  difference  pattern. 

3  Null  depth  -  At  least  35  db  down  from  peak  of  main  beam  of  difference  pattern. 

(3)  Boresight  accuracy  -  Using  the  mechanical  boresight  of  the  60-foot  reflector  as  the  reference,  and  within 
the  operating  bandwidth  of  die  channels  involved,  the  electrical  boresight  shall  not  deviate  more  than  the  following: 

a  Information  channels  and  tracking  reference  derived  from  center  horn  of  the  cluster  shall  not  exceed 
0.03  degree  from  boresight  reference. 

j>  Tracking  patterns  derived  from  peripheral  horns  of  the  cluster. 

X  Reference  pattern  shall  not  exceed  0.05  degree  deviation  from  boresight  reference. 

2  Difference  pattern  nulls  shall  not  exceed  0.01  degree  deviation  from  boresight  reference. 

The  characteristics  of  the  Cassegrain  reflector  configuration  in  which  the  feed  is  to  be  installed  are: 

(a)  Diameter  of  primary  reflector  (parabolic)  -  60  feet 

(b)  Focal  length  of  primary  reflector  -  25  feet 

(c)  Diameter  of  hyperbolic  sub-reflector  -  69.6  inches 

(d)  Equation  of  hyperbolic  sub-reflector  surface 


X  -  89.4706  |Vl  +(0.0132808y)2  - 1 J 

(e)  Distance  of  hyperbolic  virtual  focus  from  vertex  or  primary  reflector  -  66  inches. 

(0  Distance  of  hyperbolic  vertex  from  vertex  of  parabolic  reflector  •  272.47  inches. 

(g)  Half  angle  at  feed  petition  by  sub-reflector  •  9.2°. 

It  ia  noted  that  a  new  design  for  the  sub-reflector  may  be  uaed  by  the  contractor  in  order  to  optimize  the  feed 
antenna  subsystem  performance.  However,  the  existing  sulHtfiector  shall  be  employed  unless  it  can  be  shown  in  the 
oroBoaal  that  the  sxistina  deeian  severely  restricts  ootbnum  performance 
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Dispersion  in  the  feed  as  well  as  phase  and  amplitude  balancing  in  information  channels  will  be  given  prime 
consideration.  The  design  of  the  feed  shall  be  such  as  to  be  used  in  the  existing  Cassegrain  reflector  configuration  with 
a  minimum  amount  of  modification  to  existing  feed  support.  Drawings  of  the  feed  support  and  reflector  configura¬ 
tion  will  be  provided.  The  contractor  will  be  responsible  for  the  installation,  alignment  and  boresighting  of  the  feed 
in  the  reflector. 

B.  RECEIVER  SUBSYSTEM 

The  receiver  subsystem  consists  of  a  four  channel  receive  assembly,  high  power  dupiexer,  limiters  and  couplers. 
Two  information  channels  shall  provide  a  500  MHz  bandwidth  capability  for  the  reception  of  two  orthogonal  planes 
of  polarization.  The  two  remaining  channels  shall  perform  as  narrow  band  monopulse  tr  Jting  channels.  The  broad¬ 
band  500  MHz  channels  shall  be  equalized  throughout  the  receiver  path  such  that  relative  phase  and  amplitude  infor¬ 
mation  of  the  orthogonal  received  signals  will  be  preserved  as  specified  herein.  Consideration  shall  be  given  to  the  ef¬ 
fects  of  the  dupiexer  on  the  relative  bandwidth  characteristics  of  the  two  broadband  receive  channels.  For  reference 
purposes  the  broadband  channel  containing  the  transmit  dupleiler  shall  be  designated  the  vertical  channel;  that  not 
containing  the  transmit  dupiexer  shall  be  designated  the  horizontal  channel.  All  design  parameters  as  specified  below 
shall  be  compatible  with  a  40-microsecond  system  pulse  width  and  PRF  of  70  pulses  per  second. 

(a)  Characteristics  of  the  Broadband  Channels.  The  500  MHz  information  channels  shall  provide  the  following: 

(1)  Bandwidth  -  500  MHz  at  the  3  db  points  and  centered  at  3350  MHz. 

(2)  VSWR  -  measured  at  the  input  of  the  receive  channels  shall  be  1.20:1  maximum. 

(3)  Total  phase  nonlinearity  shall  not  exceed  £  5  degrees.  Random  phase  nonlinearity  shall  be  less  than  two 
degrees  RMS  and  the  periodic  phase  nonlinearity  shall  be  less  than  +  0.1  degrees  peak  to  peak.  These  restrictions  do 
not  include  dispersion  due  to  the  propagation  constants  of  waveguide. 

(4)  Periodic  gain  ripple  shall  not  exceed  ±  0.2  db  and  random  gain  ripple  shall  not  exceed  1  db  RMS. 

(5)  Maximum  noise  figure  shall  be  less  than  6.S  db. 

(6)  Channel  gain  shall  be  at  least  18  db. 

(7)  The  ovrrall  receiver/signal  processing  configuration  shall  exhibit  sufficient  dynamic  range  such  that  un- 
desiud  signal  suppression  and/or  the  generation  of  spurious  signals  shall  not  occur.  The  dynamic  range  shall  be  suf¬ 
ficient  to  handle  individual  target  signals  whose  difference  in  energy  may  exceed  30  db,  and  whose  absolute  energies 
which  are  generated  shall  be  at  least  20  db  below  the  minimum  target  signal  after  pulse  compression  in  order  to  per¬ 
mit  attainment  of  a  £  1/4  db  amplitude  accuracy  and  £  4  degrees  phase  accuracy. 

Thus,  the  receiver  chain  shall  exhibit  an  instantaneous  dynamic  range  (in  the  presence  of  two  or  more  maximum 
energy  signals  to  that  range)  of  at  least  50  db.  The  maximum  expected  uncompressed  signal  power  level  is  -60  dbw 
for  a  1000  square  meter  target  at  100  miles  range.  It  is  expected  to  diminish  by  at  least  30  db  as  the  range  increases 
up  to  600  miles. 

The  overall  dynamic  range,  therefore,  in  the  receiver  chain  shall  be  at  least  80  db,  however,  only  50  db  of  this 
value  shall  be  of  an  instantaneous  capability.  The  additional  30  db  of  dynamic  range  can  therefore  be  achieved  by  a 
suitable  gain  control  derived  from  the  range  and/or  signal  function. 


The  tunnel  diode  shall  be  capable  of  handling  the  maximum  expected  signal  level.  However,  it  may  not  exhibit 
the  required  SO  db  dynamic  range  simultaneously  over  the  expected  -60  and  -90  dbw  maximum  expected  signal  level. 
Thus,  suitable  attenuators  may  be  required  preceding  the  tunnel  diode  amplifier. 

(8)  Gain  stability  +  O.S  db/hr  maximum. 

(9)  Phase  stability  +  l°/hr  maximum. 

(10)  Minimim  power  handling  capability  in  the  receiving  path  shall  be  20  kw  peak  and  40  watts  average  for  fail 
safe  operation. 

(1 1)  Recovery  time  from  the  transmitter  mode  to  Jie  receive  mode  shall  not  exceed  30  microseconds. 

(12)  Differential  phase  dispersion  between  channels  shall  be  leu  than  ±  1°  for  any  frequency  within  the  band¬ 
width  with  the  same  input  and  output  loads.  In  the  case  of  the  random  component  of  differential  dispersion  an  RMS 
value  not  exceeding  one  degree  shall  apply. 

(13)  Differential  amplitude  response  between  channels  shall  not  exceed  ±0.3  db  with  ±0.1  db  as  a  design  goal 
for  any  frequency  within  the  bandwidth  with  the  same  input  and  output  loads. 

(b)  In  addition  to  the  above,  the  vertical  channel  shall  provide  the  following  transmit  capabilities: 

(1)  Transmit  Power  - 10  Mw  peak,  20  kw  average. 

(2)  Transmit  -  Receive  duplexer  operation  with  a  recovery  time  not  to  exceed  30  microseconds. 

(3)  Inset  cion  loss  from  the  transmitter  to  antenna  ports  shall  be  less  than  O.S  db. 

(4)  Spike  leakage  and  isolation  from  the  transmitter  to  receiver  ports  shall  be  reduced  to  a  level  which  shall 
result  in  no  permanent  degradation  in  receiver  performance.  Receiver  protection  shall  be  provided  against  spurious 
c  fects  such  as  voltage  breakdown  tr»  assure  that  reflection  of  transmitter  power  does  not  damage  the  equipment. 

(5)  Pressurization  and  cooling  shall  be  sufficient  for  obtaining  the  specified  power  handling  capability. 

(6)  VSWR  of  the  transmitter  port  shall  be  1.15:1  maximum. 

(7)  Reflected  transmit  power  indication.  Rapid  increases  in  reflected  power  as  would  result  from  breakdown 
of  the  transmit  signal  shall  be  indicated  by  low  voltage  video  signals.  These  signals  shall  indicate  the  reflected  trans¬ 
mit  power  at  the  output  of  the  transmitter  path  and  the  transmit  power  directed  through  the  duplexer  and  into  the 
receiver. 

(c)  The  broadband  receive  channels  shall  each  be  provided  with  i  signal  monitoring  and  driving  capability  of  40 
db  +  .5  db  coupling  across  the  bandwidth.  In  the  case  of  the  vertical  channel  the  monitoring  and  driving  capability 
shall  be  provided  for  the  transmit  as  well  as  the  receive  path.  40  db  bi-directional  couplers  with  20  db  directivity 
located  at  the  antenna  ports  of  these  channels  are  recommended. 

The  broadband  receive  channels  shall  terminate  with  an  amplifier  limiter  device  preferably  a  tunnel  diode  ampli¬ 
fier  preceded  by  a  limiter.  There  will  be  no  frequency  conversion  in  the  broadband  channels.  The  broadband  infor¬ 
mation  channels  shall  incorporate  UG-65/66/U  type  flanges  for  the  input  ports.  These  flanges  are  designed  for 
RG-48/U  waveguide.  The  output  connection  will  be  specified  at  a  later  date. 
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(d)  Noiie  t  igure  Monitor  -  Automatic  noiie  figure  measurement  capability  shall  be  provided  across  the  receive 
channels  terminating  at  the  IF  frequencies.  One  set  of  Noise  Figure  Measurement  equipment  selectable  for  any  one 
of  the  receive  channels  will  be  necessary. 

The  noise  figure  monitor  shall  be  capable  of  readout  of  the  noise  figure  of  either  of  the  four  receiver  channels. 
The  readout  shall  be  directly  in  db  and  shall  not  affect  the  performance  of  the  radar  receivers.  '  yu  tube  noise  source 
coupled  to  the  channels  shall  be  gated  on  during  a  portion  of  the  pulse  repetition  period  and  provide  a  calibrated  re¬ 
ference  noise  level.  The  calibrated  noise  level  shall  be  compared  to  the  receiver  noise  level  by  automatic  circuitry  die 
output  of  which  shall  be  calibrated  directly  in  receiver  noise  figure. 

(e)  The  narrowband  mcuopulse  error  channels  shall  provide  the  following  capability.  Each  of  the  two  channels 
shall  be  identical.  They  shall  each  terminate  in  an  IF  frequency. 

(0  The  RF  portion  of  each  narrow  band  channel  shall  have  the  following  capability: 

(1)  Bandwidth  shall  be  1  SO  MHz  at  the  3  db  points  and  centered  at  33S0  MHz. 

(2)  VSWR  at  input  1.15:1.0  maximum. 

(3)  Gain  shall  be  18  db  minimum. 

(g)  The  narrow  band  monopulse  receiving  channels  shall  provide  the  following  overall  capabilities: 

(1)  Noise  figure  shall  be  7.S  db  maximum.  * 

(2)  Gain  shall  be  12  db  minimum. 

(3)  Dynamic  range  shall  be  4S  db  minimum. 

(4)  Gain  stability  -  ±  0.5  db/hr. 

(5)  Phase  stability  -  +  l°/hr. 

(6)  These  channels  shall  withstand  a  10  kilowatt  peak  and  a  20  watt  average  RF  power  input  without  causing 
permanent  damage  to  the  low  signal  sensing  devices. 

(7)  Recovery  time  from  the  high  power  to  the  low  sensitivity  state  shall  be  one  microsecond  maximum. 

t 

(8)  Output  frequency  shall  be  70  MHz  (L.O.  Signals  will  be  supplied  as  required.) 

(h)  The  narrow  band  channels  may  terminate  with  standard  type  mixers  for  conversion  to  the  IF  frequency.  The 
same  conditions  for  monitoring  and  driving  the  receive  signal  shall  apply  in  these  channels;  40  db  1 0.5  db  coupling 
coefficient  and  20  db  minimum  directivity.  These  channels  shall  incorporate  a  7/8”  coaxial  flange  at  the  hput  ports. 

(i)  Power  supplies  necessary  for  operation  of  the  receiver  subsystem  diode  amplifiers,  iimiters  shall  be  provided  by 
the  contractor.  The  site  will  provide  three  phase  208  volts,  60  cycles  prime  power  at  the  receiver  location. 

(j)  Adequate  shielding  of  the  receiver  components  shall  be  provided  to  insure  that  no  degradation  in  receiver  per¬ 
formance  shall  result  from  operation  within  the  same  enclosure  with  the  transmitter. 

(k)  The  operational  temperature  specification  required  is  72°F  ±  5°  and  in  the  nonoperable  condition  is  -30°F 
to+100°F. 


C.  WIDEBAND  SIGNAL  PROCESSOR 


The  wide  bandwidth  portions  of  the  signal  processor  will  be  colocated  with  the  driver  and  final  amplifier  of  the 
transmitter  in  the  enclosure  directly  behind  the  antenna  feed  structure  in  order  to  minimize  the  length  of  the  RF 
transmission  line. 

The  signal  processor  will  perform  several  functions  in  the  final  radar  configuration. 

(a)  Provide  waveforms  to  the  transmitter  driver  for  several  modes  of  operation  and  coherent  reference  signals  to 
the  receivers. 

(b)  Receive  and  transform  the  wideband  signals  to  a  narrower  bandwidth  for  subsequent  recording  and  analysis. 

(c)  Provide  synchronizing  and  timing  signals  to  the  remaining  subsystems  to  insure  proper  sequencing  of  the 
overall  radar  system. 

(d)  Compensate  for  phase  and  amplitude  distortions  in  the  complete  system  to  insure  adequate  range  sidelobe 
performance. 

The  portions  of  the  signal  processing  subsystem  not  directly  requiring  the  handling  of  the  total  signal  bandwidth 
will  be  located  in  either  one  of  the  other  enclosures  on  the  back  of  the  antenna  structure  or  within  the  operations 
building.  All  essential  operating  functions  will  be  re  mo  ted  to  the  operations  building  located  approximately  100  feet 
from  the  antenna  pedestal. 

The  Signal  Processor  Subsystem  (SPSS)  shall  be  capable  of  generating  the  waveforms  to  be  tiansmitted,  processing 
all  received  signals  including  angle  tracking  signals  and  providing  all  necessary  coherent  reference  signals  and  synchroni¬ 
zing  pulses  to  be  used  by  the  complete  radar  system.  The  SPSS  shall  be  capable  of  operating  in  the  following  modes 
with  provision  for  switching  between  them  as  required. 

Mode  I:  The  transmitted  waveform  shall  be  a  cw  pulse  at  3350  MHz  ±  50  MHz  center  frequency  and  20  /is  dura¬ 
tion.  This  signal  is  to  be  used  for  search,  acquisition  and  monopulse  angle  tracking.  This  mode  shall  be  tunable  over 
100  MHz  centered  at  3350  MHz. 

Mode  II:  The  transmitted  waveform  shall  be  a  linear  FM  pulse  at  3350  MHz  ±  100  MHz  center  frequency,  2.5 
MHz  modulation  bandwidth  and  20  ju  duration.  This  signal  will  be  used  for  intermediate  range  resolution  and  range 
rate  determination.  This  mode  shall  be  tunable  over  200  MHz  centered  at  3350  MHz. 

Mode  til*  The  transmitted  waveform  shall  be  a  linear  FM  pulse  at  3350  MHz  center  frequency,  250  MHz  modula¬ 
tion  bandwidth  and  20  iu  duration.  This  signal  will  be  used  to  obtain  the  high  resolution  amplitude  and  phase  vs 
range  profiles  which  are  the  required  outputs  of  thfe  signal  processor. 

Mode  IV:  The  transmitted  waveform  shall  be  a  selectable  sequence  of  signals  from  Modes  I,  II,  III,  or  any  combina¬ 
tion  of  these  modes.  The  sequence  to  be  used  shall  be  completely  flexible  as  to  choice  of  individual  waveforms  and 
programming  of  the  sequence. 

(a)  Signal  Generation:  Tne  signals  specified  above  shall  be  generated  and  supplied  to  the  transmitter  driver  with 
associated  synchronizing  pulses  at  a  peak  power  level  of  20  milliwatts  and  impedance  of  50  duns. 


(b)  Signal  Reception  and  Processing:  The  SPSS  shall  be  compatible  with  the  other  associated  radar  components 
as  specified  herein.  The  RF  outputs  from  the  tunnel  diode  preamplifiers  shall  be  accepted  with  subsequent  frequency 
translation  and  processing  provided  to  obtain  the  performance  required  herein.  The  input  signaMo-noise  ratio  shall 
not  be  degraded.  The  general  processing  required  in  the  various  inodes  is  as  follows: 

Mode  I:  The  received  pulse  shall  be  processed  to  result  in  signals  suitable  for  target  acquisition  and  utilization  of 
the  azimuth  and  elevation  difference  signals  for  angle  tracking.  The  signals  to  be  received  and  processed  in  Mode  I  will 
be  derived  only  from  the  transmitted  polarization. 

Mode  II:  The  signals  shall  be  processed  and  compressed  to  result  in  signals  which  can  be  utilized  for  intermediate 
range  tracking  and  range  rate  determination.  The  Mode  11  signals  wifl  be  derived  only  from  the  transmitted  polariza¬ 
tion.  AGC  shall  be  provided  to  cover  the  required  dynamic  range  of  approximately  85  db. 

Mode  III:  The  high  resolution  signals  shall  be  received  and  processed  from  both  the  transmit  polarization  channel 
and  the  orthogonal  polarization  channel.  The  high  resolution  processing  shall  result  in  amplitude  and  relative  phase 
versus  range  (within  the  window)  profiles  for  both  polarization  at  an  output  bandwidth  not  exceeding  2.5  MHz.  It 
is  further  required  that  all  four  profiles  shall  be  available  at  a  single  output  channel.  A  maximum  utilization  of  com¬ 
mon  components  in  the  two  high  resolution  channels  dull  be  accomplished. 

Mode  IV :  Appropriate  combination  of  Mode  I,  Mode  II,  and  Mode  III  processing. 

(c)  Coherent  References:  All  reference  signals  required  for  frequency  translation  and  coherent  detection  shall  be 
derived  within  the  SPSS  from  the  station  clock  and  frequency  standard. 

(d)  Range  Window:  The  implementation  of  the  SPSS  shall  result  in  a  minimum  unambiguous  range  window  of 
100  feet. 

(e)  Window  Distortion:  When  operating  in  Mode  ID,  the  distortion  across  the  range  window  of  the  processed 
signals  shall  not  exceed  the  following: 

(1)  Amplitude:  Plus  or  minus  0.5  db. 

(2)  Phase:  Plus  or  minus  1.0  degrees. 

This  distortion  is  inclusive  of  that  resulting  from  the  use  of  weighting  filters. 

(0  The  maximum  range  sidelobes  from  a  point  target  for: 

Mode  II  -  Shall  be  at  least  30  db  below  the  main  response. 

Mode  III  •  Shall  be  at  least  35  db  below  the  main  response  for  the  duration  of  the  range  window. 

(g)  Range  Resolution:  The  Mode  IU  operation  of  the  SPSS  shall  provide  resolution  of  four  feet  or  less  for  two 
equal  velocity  point  targets  differing  in  amplitude  by  34  db  and  located  anywhere  within  the  range  window. 

(h)  Doppler  Compensation:  Doppler  or  range  rate  measurement  and  compensation  shall  be  provided  to  insure 
adequate  range  accuracy  and  sensitivity  to  perform  as  required  in  all  four  modes.  The  radial  velocity  component 
shall  be  compensated  in  Mode  III  to  an  accuracy  of  plus  or  minus  200  feet  per  second.  Initial  velocity  information 
will  be  provided  from  space  track  data. 


(i)  Doppler  Readout:  Provision  shall  be  nude  for  visual  and  digital  readout  of  radial  target  velocity  on  a  con¬ 
tinuous  basis  to  be  remoted  to  the  operating  console. 

(j)  Data  Readout:  During  Mode  1  and  Mode  II  operation,  continuous  output  of  video  signals  is  required  with  ac¬ 
companying  synchronizing  signals  for  visual  display  on  conventional  oscilloscopes  at  the  operating  console.  In  Mode 
III,  amplitude  versus  range  and  relative  phase  versus  range  for  both  horizontal  and  vertical  polarization  channels 
shall  be  provided  from  a  single  output  connector  in  sequential  fashion  with  appropriate  synchronizing  and  identifica¬ 
tion  signals.  The  output  from  the  signal  processor  shall  be  five  volts  peak  across  a  SO  ohm  impedance. 

(k)  Timing  Signals:  The  station  clock  will  supply  the  SPSS  a  system  trigger  of  100  volts  across  SO  ohms  for  a 
duration  of  2  usee.  This  basic  system  trigger  will  be  at  a  PRF  of  70  pps.  AH  other  timing  and  synchronizing  signals 
required  by  the  SPSS  shaU  be  derived  internaUy  from  the  system  trigger. 

(l)  Distortion  Compensation:  Capability  shaH  be  provided  by  the  SPSS  for  pre-distortion  of  the  Mode  III  transmit 
signal  to  compensate  for  60  feet  of  waveguide  (RG-4S/4).  Capability  shall  also  be  furnished  for  compensation  of 
fixed  repeatable  phase  distortion  within  the  total  system  not  to  exceed  20  degrees  peak.  Further  provision  shall  be 
made  for  measuring  and  actively  compensating  for  slowly  varying  phase  distortion  (at  the  PRF  rate  or  lower)  not  to 
exceed  10  degrees  peak. 

(m)  DyTuunk  Range-  The  SPSS  shall  be  dotigned  lu  have  a  uiabk  dynamic,  tangs  corresponding  to  tht  front  end 
tunnel  diode  amplifier  dynamic  range  of  45  db  and  the  additional  dynamic  range  due  to  processing  gain  and  any 
changes  in  gain  levels  that  may  be  used  in  attaining  this  dynamic  range  during  operations  shaU  be  recordable.  The 
gain  level  shall  be  constant  over  the  range  window.  The  instantaneous  dynamic  range  of  the  SPSS  shaU  be  45  db 
minimum. 

(n)  Channel  Matching:  The  high  resolution  channels  for  vertical  and  horizontal  polarization  shall  be  matched  to 
within  +  0.5  db  in  amplitude  and  ±0.5  degrees  in  phase. 

(o)  System  Stabilities:  The  overall  SPSS  time  and  frequency  stabilities  shall  be  such  that  the  performance  require¬ 
ments  are  met  even  though  the  tolerances  are  not  specifically  noted  herein. 

(p)  Switching:  Provision  shaU  be  made  for  aU  necessary  switching  controls  to  change  operating  modes  both  from 
the  equipment  location  and  the  control  console  in  the  operations  budding. 

(q)  Remoting:  Instrumentation  shaU  be  provided  for  complete  operation  and  monitoring  of  essential  functions 
of  the  SPSS  from  the  control  console  in  the  operations  building. 

(rj  System  Checkout.  The  SPSS  shafi  have  a  closed  loop  capability  for  testing  and  adjustment.  Low  power  check¬ 
out  at  the  contractors  plant  shaU  include  s  35-foot  waveguide  run  from  the  waveform  output  to  the  signal  processor 
receiver  input  to  demonstrate  capability  to  compensate  for  degradation  caused  by  microwave  coraponents.  A  bi¬ 
directional  coupler  is  being  provided  for  transmit  signal  sampling  on  site. 

(s)  Angle  tracking  receivers  shaU  be  provided  which  are  compatible  with  the  five  horn  monopulse  feed.  The  re¬ 
ceivers  shaU  develop  azimuth  and  elevation  error  signals  from  the  elevation  and  azimuth  difference  channels  in  con¬ 
junction  with  a  reference  (sum)  channel.  The  difference  channel  inputs  wiU  be  provided  (under  separate  procure¬ 
ment)  y  IF  (approzjjtuieJy  7D  MHij.  The  vertkiOy  polarised  sum  thermal  shall  be  derived  within  il*  SPSS.  The 
SPSS  shaU  also  provide  coherent  and  isolated  local  osciUator  signals  for  the  difference  channel  mixers.  The  error  sig¬ 
nals  shaU  be  supplied  to  the  existing  servo  cabinet  at  30  volts  peak-to-peak  across  50k  ohms  with  a  sensitivity  of 
three  volts  per  degree. 
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(u)  Special  Test  Equipment:  Any  special  tods  or  test  equipment  required  for  operation  and  maintenance  of  the 
SPSS  shall  be  supplied  as  part  of  said  equipment. 

RANGE  TRACKER: 

(a)  Analysis  to  determine  the  design  criteria  of  a  range  tracker  to  be  incorporated  into  the  SPSS. 

(1)  The  goals  of  the  range  tracker  are  to  track  with  accuracies  such  that  the  radial  motion  of  the  gross  target 
is  removed,  i.e.,  the  range  window  jitter  about  the  target  center  of  mass  is  effectively  minimized  and  is  a  fraction  of 
the  radar  resolution  cell. 

(2)  Consideration  shall  be  given  to  the  following  individual  or  combined  modes  of  range  tracking: 

a  Pre-computed  programmed  track 
b  Automatic  track 

c  Programmed  track  with  real  time  upgrading 
d  Doppler  aided  range  track 

(b)  Design  and  fabrication  of  the  range  tracker  in  accordance  with  the  following: 

(1)  The  range  tracker  shall  be  capable  of  automatic  track  on  an  orbiting  space  object  with  a  signal-to-noise 
of  3  db  at  the  maximum  expected  range  rate. 

(2)  Memory  range  track  shall  be  provided  when  the  signal-to-noise  falls  below  automatic  tracking  sensitivity. 

(3)  Range  tracking  capability  shall  be  furnished  to  result  in  an  orderly  and  accurate  transition  between  vari¬ 
ous  operating  modes. 

(4)  The  maximum  jitter  of  the  overall  system  in  Mode  III  shall  not  exceed  1 0.10  ftexclusive  of  signal-to- 
noise  considerations. 

Phase  II  modifications  shall  be  designed  to  upgrade  the  performance  of  the  SPSS  to  the  following: 

(a)  Pulse  width,  (all  modes)  40  usee. 

(b)  Mode  III  bandwidth  -  500  MHz  linear  FM. 

(c)  Mode  III  resolution  two  feet  or  less  for  two  equal  velocity  point  target  differing  in  amplitude  by  34  db  and 
located  anywhere  within  the  range  window. 

(d)  Compensation  of  transmit  or  receive  signals  for  atmospheric  dispersion  as  a  function  of  antenna  elevation 
angle. 

D.  WIDEBAND  TRANSMITTER 

The  wideband  transmitter  shall  be  designed  to  be  located  behind  die  60  foot  parabolic  antenna  presendy  located 
at  the  RADC  Floyd  Test  Site. 
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The  enclosure  to  be  used  in  this  modification  dull  be  environmentally  controlled.  In  the  layout  of  positions  for  the 
various  component!  of  the  transmitter,  space  shall  be  reserved  for  those  components  having  a  direct  tearing  on  the 
phase  stability  of  the  RF  signal.  Space  shall  also  be  reserved  for  portions  of  the  receive  system  which  will  require  a 
controlled  environment.  An  additional  enclosure  is  available  for  components  (such  as  rite  modulator)  which  has  no 
direct  effect  on  the  phase  and  amplitude  stability  of  the  system. 

.  /I 

The  transmitter  shall  be  initially  implemented  with  the  type  VA145(F)  Twystron  to  operate  in  accordance  with 
the  initial  performance  parameters.  The  transmitter  shall  be  capable  of  being  converted,  with  a  minimum  of  modi¬ 
fication,  to  operate  the  hill  power  Phase  II  tube  in  accordance  with  the  final  performance  parameters. 


Frequency 
Bandwidth  (2  db) 

Minimum  Instantaneous  Electronic  Operating 
Beamwidth 

Band  Edge  Power  (500  MHz  Bandwidth) 

Band  Center  Power  (Center  325  MHz) 

Band  Center  Power  Variation  from  Smooth  Curve 

Peak  Power  Output  (Max) 

Min.  Mean  Peak  Power  Output 
(Linear  Fii.  Ramp) 

Pulse  Repetition  Rate 
Pulse  Width  (R.F.) 

Berun  Voltage  (Max) 

Beam  Current  (Max) 

Beam  Current  (Min) 


Initial 

3350  MHz 
250  MHz 

250  MHz 


4.5  tq  8.5  MW 

5.5  MW 
70  ppi 

20  microseconds 

115  KV 
131  A 

116  A 


3350  MHz 


500MHz 
-2  to  -6  db 
0  to  -2  db 
+  l/2db 
10  MW 

7.5  MW 
TOppe 

40  microseconds 
180  KV 
152  A 
133  A 


The  contractor  shall  be  responsible  for  demonstrating  and  proving  the  performance  parameters  of  the  initial  de¬ 
signs  using  a  VA145F  Twystron.  A  dear  demonstration  that  the  equipment  shall  be  capable  of  accepting  the  de¬ 
velopment  model.  Phase  II  tube  when  it  becomes  available,  and  be  able  to  meet  the  requirements  is  outlined  under 
the  final  performance  parameter  and  the  phase  frequency  transfer  characteristics  to  be  outlined. 

The  transmitter  shall  include  the  following  items: 

(a)  Power  Amplifier 

(1)  Oil  insulated  cathode  tank  sealed  against  moisture  and  leaks  but  with  thermal  expansion  facility  to  contain 
cathode  bushing,  filament  transformer,  and  pulse  transformer  for  Twystron. 

(2)  Magnetic  focusing  solenoid  for  Twystron.  To  be  mounted  on  cathode  tank. 

(3)  VA145  Twystron  amplifier  tube  to  fit  within  the  preceding  two  items.  The  VA145  Twystron  Amplifier 
tube  shall  be  supplied  with  a  DC  filament  and  well  filtered  DC  supply  with  a  minimum  reserve  rating  of  30%  over 
the  VA145  requirements. 


NOTE:  If  this  item  cannot  bo  operated  in  any  position  from  vertical  over  into  a  horizontal  position,  then  this  and 
the  preceding  two  items  (cathode  tank  and  adenoid)  shall  be  mounted  in  gimbals  to  enable  the  tube  to  remain  in 
a  vertical  position  while  die  enclosure  in  which  these  components  are  mounted  tilts  with  the  antenna  dish. 
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(4)  Fast  acting  protective  equipment  to  insure  that  arcs  occurring  within  the  tubes  or  in  the  output  waveguide 
do  not  result  in  destruction  energy  release  to  the  detriment  of  the  Twystron.  Arcs  on  five  consecutive  pulses  shall 
result  in  transmitter  shutdown.  Other  arcs  less  frequent  shall  only  initiate  action  to  divert  remaining  energy  in  the 
pulse  away  from  power  amplifier  tube.  Fault  sensing  elements  to  be  used  will  include  current  transformers  to  moni¬ 
tor  tube  arcs  and  waveguide  arc  detectors,  both  optical  and  reflected  power  sensing  couplers.  These  sensors  shall  be 
rated  so  that  saturation  does  not  occur  and  prevent  positive  operation.  Protective  equipment  will  accept  fault  signals 
from  at  least  three  (3)  individual  waveguide  fault  sensors. 

(5)  Waveguide  sections  and  transitions  as  needed  for  connection  of  a  power  amplifier  tube  to  duplexer  and 
line  to  antenna  feed.  H-Plane  bends  shall  not  be  used  due  to  resultant  excessive  dispersion.  If  conditions  mentioned 
in  Note,  paragraph  Da(3)  prevail,  appropriate  rotary  joint  shall  be  provided. 

(6)  X-Radiation.  All  electronic  or  electronic  devices  capable  of  producing  X-radiation  will  be  so  designed,  fabri¬ 
cated,  shielded  and  operated  so  as  to  avoid  overexposure  of  personnel.  For  the  purposes  of  equipment  and  installa¬ 
tions  design,  shielding  requirement  shall  be  maintained  which  limit  the  X-radiation  to  less  than  2.S  milliroentgens  per 
hour  (mr/hr),  within  one  foot  (12  inches)  of  any  accessible  area,  of  the  radiating  source,  normally  inhabited  by  per¬ 
sonnel  during  installation,  calibration,  maintenance,  repair  and  operation  of  the  equipment.  The  2.S  mr/hr  level  is 
based  on  a  maximum  permissible  exposure  of  100  mr/week.  X-ray  shielding  enclosure  for  the  Twystron  must  be 
adequate  for  the  full  power  development  tube. 

(7)  Handling  fixtures  shall  be  provided  to  enable  precise  position  control  and  alignment  of  power  amplifier 
tube  during  replacement  in  solenoid  with  external  assistance  only  of  the  presently  assigned  Hi-Ranger  Model  10.88 
‘‘cherry  picker”.  The  time  for  tube  replacement  should  not  require  in  excess  of  two  hours  with  tne  services  of  three 
skilled  technicians. 

(8)  Radio  frequency  dummy  load  capable  of  dissipating  the  full  output  of  the  amplifier  (both  peak  and  ave¬ 
rage)  to  enable  transmitter  power  measurements  by  calorimetric  methods  for  calibration  of  couplers.  Means  shall 
be  provided  to  enable  switching  the  load  in  and  out  of  the  circuit  without  disassembling  any  transmission  line  in¬ 
stallations.  The  inclusion  of  this  feature  shall  not  noticeably  degrade  the  VSWR  of  the  amplifer  operating  into  the 
duplexer  antenna  line.  The  VSWR  of  the  dummy  load  shall  not  exceed  1.15  to  1  over  the  range  of  3100  to  3600  MHz. 

(9)  All  microwave  components  other  than  the  final  amplifier  tube  shall  be  designed  to  meet  the  final  perform¬ 
ance  parameters. 

(10)  A  VSWR  at  the  output  window  of  the  power  amplifier  in  excess  of  1 .4: 1  shall  initiate  the  removal  of  RF 
drive  to  the  Twystron. 

(1 1)  Harmonic  radiation  from  the  transmitter  will  be  reduced  to  a  minimum  of  20  db  below  the  fundamental 
frequency  at  any  point  across  the  operating  bandwidth. 

(b)  High  Power  Modulator 

The  modulator  shall  be  located  in  the  enclosures  on  the  rear  of  the  antenna.  The  components  selected  must  be 
capable  of  operating  in  any  position  from  standing  up  (to  vertical)  to  laying  on  their  sides  (horizontal). 

(1)  The  modulator  shall  operate  with  the  following  utilities  already  in  place  on  the  site. 

a  Supply  voltage  (from  existing  power  supply)  0  to  20  KV  direct  current  (continuously  variable), 
b  Maximum  available  current  •  60  amps. 
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c  Three-phase  60  cycle  power  at  208  volts  four  wire  available  in  the  enclosures  for  powering  auxiliaries. 

« 

d  There  is  adequate  circulation  of  liquid  coolant  in  the  enclosures  at  the  back  of  the  dish. 

e  Synchronizing  pulse  of  SO  volts  on  a  SO  ohm  line.  The  synchronizing  pulse  shall  be  timed  to  center  the  » 

RF  drive  pulse  within  the  modulator  pulse  of  25  or  45  usee. 

(2)  No  varia  ion  in  pulse  repetition  rate  is  contemplated  or  desired.  It  is  pointed  out  that  the  change  in  opera¬ 
tion  from  the  initial  conditions  (25  microseconds)  to  the  final  condition  (45  microseconds)  shall  be  a  one  time 
change  accompanied  with  the  replacement  of  the  power  amplifier  tube. 

(3)  The  modulator  shall  be  designed  to  enable  sustained  operation  for  23  hours  per  day  on  an  indefinite  basis. 

(4)  The  modulator  shall  include  at  least: 

a  DC  resonant  charging  choke  and  holdoff  diode. 

b  Pulse  forming  network  built  for  accommodation  of  both  25  and  45  microsecond  pulse  widths.  Separate 
25  and  45  microsecond  pulse  forming  networks,  for  Initial  and  Final  operation  respectively,  shall  be  acceptable  if 
required  to  achieve  optimum  performance. 

c  Thyratron 

d  Pulse  Transformers 

e.  Backswing  clipper  diode 

f.  High  voltage  crowbar  circuit  shall  be  incorporated  in  modulator  to  divert  energy  in  the  cathode  pulse  * 

away  from  the  Twystron  cathode  in  the  event  of  tube  or  system  arcs. 

g.  Pulse  monitor  circuit  to  enable  remote  viewing  of  modulator  charging  waveforms,  output  pulse  waveform  » 

to  power  amplifier  cathode. 

h  Self  adjusting  pulse  leveler  circuit  to  remove  ripple  from  top  of  output  pulse  to  a  maximum  of  0.03 
percent  as  an  objective.  The  phase  requirements  of  Dc(3)  shall  take  precedence  over  this  requirement. 

i_  Video  load  for  modulator  to  enable  full  power  modulator  testing  without  the  power  amplifier  tube. 

This  mode  of  operation  may  be  restricted  to  vertical  position  only  (antenna  beam  elevation  at  horizon)  if  desired. 

j.  R.F.  filtering/shielding  shall  be  provided  so  that  transmitter  spurious  r.f.  radiation  will  not  interfere  with 
ur  limit  radar  operation. 

k  An  inverse  clipper  diode  across  the  PFN  to  limit  negative  voltage  on  the  PFN  due  to  load  mismatch. 

(c)  Driver  ' 

(1)  The  driver  shall  be  located  within  the  existing  air  conditioned  enclosure  on  the  rear  of  the  antenna  dish. 


(2)  It  tftal  have  the  capability  to  provide  wflloiMt  RF  drive  to  tha  VA145  or  tfca  VA915A.  This  drive  1ml 
may  be  amplitude  shaped  in  order  that  the  phaae  frequency  and  the  frequency  power  output  amplitude  character^ 
tics  of  the  Twyttron  may  be  uaed  to  help  give  the  apactfiad  performance  vedficatkma  of  the  tranamittar  aeroaa  the 
500  MHz  operating  bandwidth.  The  excitation  input  drive  level  to  the  driver  stap  ia  20  milliwatts  on  a  SO  ohm  line. 

(3)  Let  the  phaae  error  as  a  function  of  frequency  be  defined  u  the  difference  between  the  actual  phaae  and 
the  phase  described  by  a  corresponding  point  on  a  straight  line,  where  that  straight  line  is  defined  as  the  locus  which 
makes  the  integral  of  the  phase  error  (integrated  over  the  total  band)  equal  to  zero.  Then,  providing  that  the  develop* 
mental  model  power  amplifier  tube,  VA91SA,  meets  the  following  phase  performance  characteristics: 

Phase  Performance  Characteristics  of  the  VA91SA. 

The  phase  versus  frequency  characteristic  may  be  considered  to  be  comprised  of  two  distinct  variations.  A  smooth 
“base  curve”  and  a  higher  frequency  deviation  from  this  curve.  The  smooth  “base  curve”  will  be  continuous  across 
the  500  MHz  of  operating  bandwidth  with  no  reversals  in  slope  of  the  phase  (d)  versus  frequency  (0  characteristic 
describing  the  curve,  and  with  no  more  than  two  complete  cycles  of  deviation  from  a  linear  curve  of  phase  versus 
frequency.  (Reversal  in  slope  is  defined  by  the  condition  dp/df  <  0,  i.e„  negative.) 

The  maximum  phase  deviation  of  this  smooth  base  line  from  the  above  defined  straight  line  shall  not  exceed  30° 
over  the  middle  400  MHz  of  the  frequency  band.  Over  the  remaining  50  MHz  at  each  end,  the  phaae  deviation 
shall  not  exceed  50°.  The  higher  frequency  variation  shall  not  exceed  more  than  20  complete  cycles  over  the  en¬ 
tire  500  MHz  bandwidth.  The  maximum  phase  deviation  of  this  variation  shall  not  exceed  more  than  15°  from  the 
smooth  base  curve  defined  herein. 

The  phase  transfer  function  of  the  entire  transmitter  from  driver  input  to  power  amplifier  output  shall  be  as 
follows: 

a  Single  pulse  phase  error 

1_  The  phase  error  within  the  middle  400  MHz  of  the  band  shall  not  exceed  1 12°  and  have  an  objective  of 

+  10°. 


2  The  phase  error  within  the  upper  and  lower  10  percent  of  the  operating  band  shall  not  exceed  i  30°. 

3  The  average  phase  error  (when  averaged  over  any  5  MHz  interval  within  the  middle  400  MHz  of  the  band) 
shall  not  exceed  +  6°  and  have  an  objective  of  ±  5  degrees. 

b  Pulse-to-pulse  phase  error 


After  suitable  warmup  period  has  elapsed,  the  average  phase  error  (as  defined  in  Item  Dc(3)  a  1_  above)  of  a 
group  of  pulses  shall  not  differ  by  more  than  +  1°  from  the  average  phase  error  of  any  other  group  of  pulses  oc¬ 
curring  during  a  1 50  millisecond  period  with  a  two  (2)  hour  interval  between  the  1 50  millisecond  sampling  periods. 


If  the  phase  performance  characteristic  of  the  VA91-5A  base  curve  is  allowed  to  degrade  up  to  80°  deviation 
on  a  smooth  curve  from  a  straight  line  over  the  middle  400  MHz  of  the  band,  and  up  to  130°  over  the  remaining 
50  MHz  at  each  end,  then  the  requirements  of  Dc(3)  a.  1_,  2  and  3  above  shall  be  changed  as  follows: 


X  Maximum  phase  error  band  center  +  24°. 

2  Maximum  phase  error  band  edges  +  60°. 

3  Average  phase  error  band  center!  10°. 
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(4)  Instrumentation  shall  bo  provided  foe  remotely  selectable  readings  of  various  operating  DC  voltages  and 
currents  of  the  driver  and  transmitter  tubes.  This  facflhy  dial  allow  monitoring  of  RF  power  metering  couplers  at 
interstage  j  inti  in  the  driver  chain  in  the  presently  existing  operations  room.  Monitoring  signals  which  go  to  tn 
oedOoecope  will  bo  free  from  interference  between  different  channels. 

(5)  Electronic  means  dull  be  provided  for  measurement  and  display  in  the  control  room  of  the  phase  versus 
frequency  power  amplifier  output  over  the  entire  active  bandwidth  (250  MHz  or  500  MHz). 

(d)  Remote  Control  of  the  wideband  transmitter  from  the  control  console  in  the  existing  operations  building 
is  required.  The  functions  requiring  control  are: 

(1)  Complete  startup  sequence  procedure  with  indications  of  status,  coolant  flow,  interlocks,  magnets,  fila¬ 
ments,  cabinets,  air  flow  where  required  and  overload. 

(2)  Indication  shall  be  provided  for  counting  numbers  of  crowbar  operations. 

(3)  Indication  of  power  amplifier  beam  current,  voltage,  body  current  and  average  output  power  shall  be 
continuously  displayed  at  the  control  console. 

(4)  Capability  for  fine  adjustment  of  magnetic  fields  of  focusing  magnets  shall  be  included  in  the  remo'e 
control  position.  Selectable  current  readings  of  the  cods  shall  be  provided. 

(5)  When  the  transmitter  trips  off,  an  indication  shall  be  displayed  at  the  remote  control  point  of  whicu  item 
in  the  system  initiated  the  action  of  circuit  breaker  opening. 

(6)  Facilities  shall  be  provided  at  various  critical  locations  throughout  the  entire  system  to  initiate  emergency 
shutdown  action. 


'  (7)  Accessibility  to  the  equipment  components  for  test  and  repair  must  be  considered  in  the  design  of  the 
transmitter.  All  high  voltages  must  be  located  behind  interlocked  doors,  panels,  or  in  tanks  so  as  to  allow  limited 
tests  or  observations  in  the  transmitter  room  located  behind  the  antennas. 

(e)  Adaptation  and  Interface  -  The  contractor  shall  employ  existing  facilities  to  the  maximum  extent.  Drawing 
of  enclosures,  cable  terminals  and  routings  and  hydraulic  lines  will  be  provided  by  the  contracting  agency  as  part  of 
this  Statement  of  Work. 


E.  PHASE  II  BROADBAND  AMPLIFIER  (VA91 5 A) 


The  objective  of  this  effort  is  to  develop  a  broadband  S-Band  amplifier  for  operation  in  the  Signal  Processing  Test 
Facility  at  RADC.  The  amplifier  will  replace  the  VA14S  Twystron  in  the  SPTF  with  a  minimum  of  modification. 
The  tube  will  be  procured  along  with  a  suitable  solenoid  and  socket  modification  kit.  In  the  design  of  the  tube,  em¬ 
phasis  will  be  placed  on  smooth  phase  frequency  and  amplitude  frequency  response. 


Three  each  Developmental  Models  of  a  tube  having  the  following  simultaneous  characteristics; 


(a)  Center  Frequency 

(b)  Minimum  Instantaneous  Bandwidth 

(1)  500  Megahertz  (MHz) 

(2)  325  MHz 


3.35  Gigahertz  (GHz) 

(constant  drive) 

•2  db  (min) 

-6  db  (max) 

•0  db  (min) 

-2  db  (max) 


122 


(c)  Peak  Power  Output.  When  i  linear  frequency  modulation  (FM)  ramp  it  employed  over  the  entire  operatiag 
bandwidth  durf.ig  a  tingle  pulse,  the  mean  peak  power  output  over  the  pulse  thaQ  be  a  minimum  of  7. 1 5  megawatts. 
The  maximum  peakpower  output  thill  not  exceed  10  megawatts.  The  maximum  peak  power  output  shall  occur 
within  the  range  3350  MHz  ±75  MHz. 


(d)  Duty;  radio  frequency  (RF) 

(e)  Pulse  length  (RF) 

(0  Pulse  length  (video) 

(g)  Gain 

(h)  Pulsing 

(i)  Mounting  Position 


.0028 

40  microseconds 
(no  detectable  droop) 

45  microseconds 

30  db  (minimum) 

Cathode 

Any 


(j)  Phase  Linearity.  The  phase  versus  frequency  characteristics  shall  show  a  deviation  of  not  more  than  plus  or 
minus  15  degrees  from  a  smooth  “base  curve.’’  The  smooth  “base  curve”  dull  be  continuous  across  the  500  MHz 
operating  band  with  no  reversal  in  the  slope  of  the  phase  versus  frequency  characteristic  describing  the  curve  and 
with  no  more  than  two  cycles  of  deviation  from  a  linear  cum  of  phase  versus  frequency.  Further,  the  smooth  base 
cum  shall  show  a  deviation  of  less  than  50  degrees  from  a  linear  curve  of  phase  versus  frequency  across  the  500  MHz 
operating  band  and  less  than  30  degrees  over  the  central  400  MHz  of  the  operating  band.  The  voltage  sensitivity  of 
the  phase  shall  be  less  than  15  degrees  per  KV. 


(k)  Amplitude  Response  •  The  frequency  versus  amplitude  response  of  the  tube  shall  adhere  as  closely  as  pos¬ 
sible  to  a  smooth  cum  of  one  half  cycle  or  less.  Cyclic  deviations  from  this  smooth  cum  are  particularly  objection¬ 
able  and  shall  be  reduced  to  maximum  extent  possible.  The  sum  of  cyclic  and  random  deviations  from  the  smooth 
cum  shall  not  exceed  +  0.5  db. 


0)  Filament  -  The  filament  shall  be  so  designed  as  to  reduce  phase  and  amplitude  modulation  to  the  maximum 
extent  possible.  DC  filaments  shall  be  employed. 

(m)  Focusing  •  Beam  focusing  shall  be  designed  so  tnat  power  supply  ripple  has  minimum  effect  on  phase  and 
amplitude. 


(n)  Cooling  Ethylene  Glycol  and  Water  (6040). 


(o)  Shock -In  accordance  with  Method  5 16.1  Procedure  I  basic  design  of  MIL-STD-810B  dated  23  Tune  1964. 

(p)  Vibration  -  In  accordance  with  Method  5 14.1 ,  paragraph  5,  Figure  514-6  of  MIL-STD-810B  dated  23  June 
1964. 


(q)  Acceleration:  5g  continuous  in  any  position. 

(r)  Spurious  Radiation  •  The  power  level  of  any  narrow  band  spurious  oscillation  integrated  over  a  3  MHz  band 
shall  be  at  least  60  db  below  the  mean  peak  power  output  with  linear  FM  ramp. 

(s)  Harmonics  -  Individual  harmonics  shall  be  at  least  20  db  below  fundamental. 

(t)  Interchangeability  -  The  tube  shall  be  interchangeable  with  the  VA145  Twystron  with  the  minimum  pos¬ 
sible  modification. 
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(u)  Life  -  Each  tube  shall  be  warranted  for  a  period  of  500  hours  of  filament  operation.  Shelf  life  warrantee  shall 
be  12  months. 

(v)  Environmental 

(1)  High  and  luw  temperature 

a  Nonoperating:  -60°C  (-76°F) 

+60°C  (+140°F) 

(w)  Position  of  operation  -  The  tube  shall  be  capable  of  meeting  all  specifications  in  any  mounting  position. 


(x)  RF  Output  Flange:  Special  Varian  S-Band. 


1  Beam  input  conditions: 

(1)  Beam  voltage  (peak) 

163.5  kv(min) 

180.0  kv  (max) 

(2)  Beam  current  (peak) 

133  amps  (min) 

1 5 1  amps  (max) 

(3)  Beam  Perveance 

1.8  micropervs  (min) 
2.0  micropervs  (max) 

(4)  Beam  impedance 

11 90  ohms  (min) 
1340  ohms  (max) 

(5)  Maximum  beam  input  (peak) 

27.2  megawatts 

(z)  Two  of  the  three  tubes  required  shall  meet  all  requirements  of  the  specification.  The  third  tube  shall  meet 
all  requirements  with  the  exception  that  at  the  contractors  discretion  the  requirements  for  two  of  the  four  following 
items  shall  be  reduced  to  90%  of  the  value  stated. 

(1)  Power 

(2)  Phase 

(3)  Bandwidth 

(4)  Spurious  Radiation 

Two  each  interim  tubes  meeting  all  video  and  impedance  requirements  shall  be  supplied.  The  tubes  shall  be 
compatible  with  the  peripheral  equipment  designed  for  the  final  tubes.  These  tubes  need  not  meet  the  RF  require¬ 
ments  set  forth  herein. 

One  set  of  hardware  consisting  of  a  solenoid  and  socket  modification  kit  shall  be  supplied.  The  mechanical 
requirements  of  (o),  (p)  shall  apply.  The  tube  and  socket  shall  be  required  to  be  completely  operable  on  a  non- 
stable  platform  varying  continuously  through  angles  up  to  90  degrees  in  all  directions.  Two  spare  solenoids  and  other 
items  subject  to  failure  or  breakage  shall  be  supplied. 


Test  and  Elevation  shall  be  conducted  as  follows: 


(a)  Acceptance  tests  shall  be  conducted  at  the  contractor’s  plant  to  demonstrate  the  requirements  set  forth  in 
Items  1  and  2  by  contractor  personnel  and  witnessed  by  RADC’s  procuring  activity.  The  test  shall  be  conducted  in 
accordance  with  the  test  procedures  submitted  under  Data  Item  6.3.  All  measurements  shall  be  accurate  within 
+.2.5%  or  as  accurately  as  the  present  state  of  art  permits.  The  following  test  procedures  shall  apply  tc  paragraph 

E(j). 


(1)  A  dynamic  slow  frequency  sweep  method  of  measurement  employing  a  precision  pulse  phase  measurement 
system  such  as  that  provided  in  RANTEC  Model  ETS-17,  similar  WILTRON  or  equivalent  equipment  shall  be  used 

to  obtain  a  continuous  phase  versus  frequency  plot  across  the  operating  frequency  passband,  and  if  the  dynamic  range 
of  the  equipment  and  the  power  output  of  the  tube  under  test  permits,  plus  100  megahertz  on  either  side  of  the  band 
as  well.  The  data  shall  be  recorded  by  means  of  an  X-Y  Plotter.  The  pulse  modulator,  electromagnet  power  supplies, 
RF  driver  and  other  ancillary  equipment  shall  provide  a  stable  electrical  environment  with  the  following  character¬ 
istics  over  at  least  0.3  microseconds  of  the  45  microsecond  video  pulse: 

a  Modulator  Puise-tc-Pulse  Stability:  Within  +  0.2%. 
b  Electromagnet  Control  Current:  Within +  0.1%. 
c  RF  Drive  Power:  Constant  within  +  0.3  db. 
d  Pulse  Sample:  Approximately  0.25  microseconds, 
e  Phase  Measuring  Equipment  Error:  Less  than  +  2°. 

£  Known  Phase  Measuring  Auxiliary 

Equipment  Error:  Not  more  than +,  5.0  degrees. 

(2)  The  test  shall  be  conducted  as  follows: 

a  A  sufficient  number  of  frequency  sweeps  shall  be  made  for  each  individual  tube  to  determine  phase 
data  containing  unknown  errors  of  electrical  measurement.  This  data  shall  be  averaged  to  obtain  a  curve  of  reference. 

b  The  known  errors  of  measurement  shall  be  added  to  the  reference  curve  to  obtain  a  phase  versus  fre¬ 
quency  envelope. 

c  The  plus  or  minus  1 5  degrees  permitted  in  the  phase  linearity  specification  (paragraph  E(j))  shall  be 
added  to  the  envelope. 

d  The  smooth  “base  curve”  defined  in  the  phase  linearity  specification  shall  fall  within  the  phase  versus 
frequency  envelope  defined  by  the  above. 

(3)  Other  tests  to  demonstrate  compliance  of  the  tubes  to  the  specification  shall  be  in  conformance  with 
MIL-E-1  where  applicable. 

F.  DATA  HANDUNG  EQUIPMENT 

The  main  function  of  the  data  handling  equipment  will  be  to  receive  the  time  expanded  output  signal  from  the 
signal  processor  which  represents  the  radar  response  from  a  100  foot  range  window,  and  subsequently  convert 
and  digitally  record  the  information. 
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The  data  handling  equipment  meeting  the  requirements  may  have  a  variety  of  forma,  however,  because  of  funding 
restrictions,  emphasis  will  be  placed  upon  those  configurations  which  can  accomplish  the  requirements  at  minimum 
cost.  The  maximum  use  shall  be  made  of  “off-the-shelf’  items  in  order  to  insure  minimum  risk  in  attaining  the  de¬ 
sired  goals.  As  a  result  of  RADC’s  preliminary  investigation  it  appears  that  sampling  and  A/D  conversion  may  be  the 
least  expensive  technique  to  provide  the  desired  capability.  The  techniques  that  are  presently  envisioned  are  those 
which  take  advantage  of  the  radar  duty  cycle  (40  usee  window  at  70  pps),  i.e.,  to  buffer  store  and  read  out  at  a  lower 
rate  for  recording  the  time  expanded  data  with  relatively  inexpensive  tape  recorders. 

This  data  handling  equipment  shall  provide  the  necessary  instrumentation  for  the  tape  recording  of  high  precision 
radar  signals  and  other  related  data  which  shall  be  used  for  further  target  analysis  with  a  computer.  The  data  handling 
equipment  shall  meet  the  following  requirements: 

(a)  The  DHE  shall  record  the  following  analog  input: 

(1)  Four  sequential  (in  time)  40  usee  blocks  (Phase  11  information  window)  of  analog  signal  representing  the 
horizontal  and  vertical  polarization  amplitude  and  phase  response  of  a  100  foot  radar  range  window. 

(2)  Four  sequential  (in  time)  20  usee  blocks  (Phase  I)  of  information  as  in  (1)  above. 

(b)  The  DHE  shall  not  degrade  the  signal  processor  output  and  shall  maintain  the  following  parameters: 

(1)  Dynamic  range  45  db. 

(2)  Video  bandwidth  (amplitude  and  phase  channels)  2.5  MHz. 

(3)  Amplitude  accuracy  1 1/4  db. 

(4)  Interblock  relative  amplitude  accuracy  +l/4db. 

(5)  Intrablock  relative  amplitude  accuracy  ±  1/4  db. 

(c)  The  DHE  shall  operate  with  a  maximum  of  five  volts  peak  signal  input  at  50  ohms. 

(d)  The  information  window  rate  shall  be  at  70  pps. 

(e)  The  DHE  shall  record  the  following  auxiliary  data: 

(1)  Clock  track  and  search. 

(2)  Radar  range. 

(3)  Radar  azimuth  angle. 

(4)  Radar  elevation  angle. 

(5)  Frame  synchronization. 

(6)  Frame  identity. 

(7)  Doppler  correction. 

(8)  Gain  level. 
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(0  The  output  of  the  DHE  tape  recording  system  shall  have  the  following  characteristics: 

(1)  Digital  recording  and  maximum  use  of  IBM  Format  for  direct  computer  usage. 

(2)  A  minimum  of  20  minutes  recording  time. 

(3)  Maximum  tape  utilization. 

(4)  Playback  slow-down  (a  minimum  of  4: 1). 

(5)  Stabilities,  skew,  wow,  flutter,  etc.,  shall  be  such  that  recorded  data  can  be  related,  e.g.,  the  radar  amplitude 
range  response  with  its  respective  phase. 

(6)  Non-destructive  readout. 

(g)  The  DHE  shall  operate  in  the  operations  building  at  Floyd  Test  Site,  New  York,  in  conjunction  with  other 
operating  equipment. 
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